Light Collection in Scintillation 
Detectors 


Yu. A. Tsirlin 





CrBetoco6upaHue B CUMHTUJIJIAWMOHHEIX CUCTUMKAX 


IO. A. Uupauu 
English Version by John McMillan and Martin Pearce 


Typescript 18 May 2022 


Contents 


Translator’s:notes 2-$4 bd ia ebb eh ewe Ge SF bebe v 
ADSUPACU 4-0 ite. hoch eet tard le bokeh t Se Bleek BE vii 
Preface. 223. uce te Ra OG eel RS ee ee ls ix 
List of Principal Notation ............... 200002000004 xi 
1 Introduction 5 
1.1 Scintillation counters... .....0..0..0. 0.002000 0004 5 
1.2 Applications of Scintillation Counters ............... 7 
1.2.1 Radiation Discrimination .................. fs 
1.2.2. Radiation Spectrometry ................004 8 
1.3 Scintillation Detectors ..........2........0000-4 11 
1.3.1 Principal Classifications of Scintillation Detectors... .. 11 
1.3.2 Scintillators as a Source of Light ............2.. 13 
1.4 Detectors for Scintillation Light... .............020. 15 
1.5 Optical Considerations... ..............0.000004 17 
1.5.1 Refraction of Light. ............0.....00.0. 17 
1.5.2 Reflection of Light ..................00.0. 17 
1.5.3 Absorption of Light .................000. 26 

1.5.4 Some Questions of the Transmission and Concentration 
OF Tight? xo. 6 okie Seite bse es Beas wShetg e e gor ane ete) GaSe & 27 
1.6 Some Geometrical Relations for Luminous Fluxes......... 30 
I Lightguides 35 
2 Expanding Lightguides 41 
2.1 Calculation of Lightguides Shaped as Solids of Rotation ..... Al 
2.2 Experimental Data ................ 2.0002. 00 004 42 
3 Constant Section Lightguides 45 
3.1 Cylindrical Lightguides with Specular Reflection ......... 45 
3.1.1 Lightguides with Metallic Reflection ............ 46 
3.1.2  Lightguides with Total Internal Reflection. ........ 50 

3.1.3 Lightguides with Total Internal Reflection and Surface 
Detects.” owes oo oe A Re a a AD ee th ee 58 

3.1.4 Lightguides Employing both Total Internal Reflection and 
a Metallic Reflector ................0000. 61 
3.2 Diffusing Lightguides.... 2... 2.0.2.0... 0..00..000. 63 


3.2.1 Characteristics of Diffusing Lightguides .......... 63 


ii CONTENTS 


3.2.2. The Calculation of Transmission .............. 63 
3.2.3. Experimental Data...................... 68 
3.2.4 Comparison of Diffusing and Specular Lightguides .... 70 
3.3 Combined Lightguides .. 2... 2.2... ... 0.0... 2...0000. 71 
3.3.1 Calculation of Transmission ................. 71 
3.4 Parallelepiped Shaped Lightguides ................. 72 
3.4.1  Lightguides Employing Total Internal Reflection ..... 72 
3.4.2 Lightguides with Surface Defects ............2.. 77 

3.4.3 Comparison of Cylindrical and Parallelepiped Shaped Light- 
PUICES taste ads ah ecg nse entity, ee 3h. Gen gh goad ot) BLE Radke aes teas 77 

3.4.4 Rectangular Lightguides for Light Collection from the Nar- 

row EdgeofaSlab.................2204. 78 
4 Concentrating Lightguides 83 
4.1 Concentrating Systems for Scintillation Counters ......... 83 
4.2 Specular Concentrating Lightguides ................ 84 
4.2.1 Lightguides with Metallic Reflection ............ 84 
4.2.2 Concentrating Lightguides with Total Internal Reflection 91 
4.3 Diffusing Concentrating Lightguides ................ 95 
4.3.1 Characteristics of Diffusing Concentrating Lightguides . . 95 
4.3.2 Conical Lightguides and Other Surfaces of Rotation ... 97 
4.3.3 Pyramidal Lightguides.................... 100 
4.3.4 Experimental Data... ........0.. 0.002000. 101 
4.3.5 Some Methods of Reducing Non-uniformity of Transmission 101 
5 Shape Transforming Lightguides 105 
5.1 Adiabatic Lightguides .................000000. 105 
5.2 Triangular Lightguides.. 2... 2... 0... en 108 
5.3 Twisted Strip Lightguides ..................000. 109 
II Transparent Scintillators 113 
6 Scintillators with Specular Reflection 117 
6.1 “Trapped Light” in Specular Scintillators ............. 117 
6.2 Cylindrical Scintillators and Other Solids of Rotation. ...... 120 


6.2.1. The Application of Scintillators Shaped as Solids of Rotation 120 
6.2.2. Cylindrical Scintillators Employing Total Internal Reflection121 


6.2.3 Scintillators with Metallic Reflection ............ 134 

6.3 Parallelepiped Shaped Scintillators ................. 135 
6.3.1 Applications of Parallelepiped Shaped Scintillators . . . . 135 

6.3.2 Scintillators with no Optical Contact. ........... 138 

6.3.3 Scintillators in Optical Contact ............... 141 

7 Scintillators with Diffuse Reflection 155 
7.1 Applications of Scintillators with Diffuse Reflection. ....... 155 
7.2 Equation of the Light Collection Coefficient ............ 156 
7.3 Cylindrical Scintillators ...............0...2000. 158 
7.3.1  Scintillators in Complete Optical Contact ......... 158 


7.3.2 Scintillators in Incomplete Optical Contact ........ 162 


CONTENTS 


7.3.3 Scintillators with Combined Reflection. .......... 
7.4 Large Volume Counters ...................000, 

7.4.1 Areas of Application and Principles of Construction 

7.4.2 Non-Uniformity of Light Collection... .......... 
7.5 Large Area Counters with Diffuse Reflection. ........... 


8 Problems in the Design of Scintillation Counters 

8.1 Cylindrical Counters with Maximal Light Collection ....... 

8.2 Optimization of Detectors of Given Volume ............ 
8.2.1  Scintillators Using Total Internal Reflection ........ 
8.2.2 Scintillators with Diffuse Reflection. ............ 

8.3 Cylindrical Counters of Given Cross-sectional Area and Maximal 
Sensitivity fs 8 ed fo eee ee eee AE ee oh 
8.3.1  Scintillators Using Total Internal Reflection ........ 
8.3.2  Scintillators with Diffuse Reflection... ........2.. 

8.4 Optimal Design of Large Area Counters .............. 


III Bulk-diffusing Scintillators 


9 Light Transmission in Dispersive Detectors 
9.1 Formulation of the Problem ..................000. 
9.2 Diffusion Theory of Light Transmission in a Medium with Scat- 
tering and Absorption .................002.2000. 
9.2.1 Diffusion Equation ...............2..2000. 
9.2.2 Internal Scattering and Absorption of Light within Gran- 
ules of the Medium... ................0., 
9.2.3 Transmission of Light Through a Flat Layer. ....... 
9.2.4 The Transmission of Light Originating Within the Layer . 
9.3 Detection of Scintillation Light in Dispersive Detectors... ... 
9.3.1 “Current” Detector..................2004 
9.3.2 Voltage Pulse Detector... ..............0.0. 


10 Typical Dispersive Detectors 
10.1 Dispersive Detectors for Neutrons. ................-. 
10.1.1 Physical Processes in Dispersive Detectors for Neutrons 
10.1.2 Detectors for Fast Neutrons... .............. 
10.1.3 Detectors for Thermal Neutrons .............. 
10.2 Other Types of Dispersive Detectors ................ 


Appendices 
A1:Characteristics of selected materials used in scintillation technique 
A2:The integral angle Q(a,8). 1... 0.00.2 ee 
A3:Scintillation characteristics of NaI(Tl) detectors... ........ 


Tidex sho eh be be PAR yd dodaci eee, ha SE ard hon en de On aed 


iii 


iv 


CONTENTS 


Translator’s note 


This book was translated by Martin Pearce and myself at Leeds in 1995. Martin 
dealt with the Russian grammar while I handled the physics. I had become 
aware of its existence earlier through the abstract in IAEA Atomindex. There 
was no english equivalent monograph and this remains the case today. In 1995, 
my career was somewhat paused and I was looking for a project that would 
retain my interest, while teaching me some physics and Latex. In 1998 I moved 
to Sheffield and new projects took my attention. The translation was useful 
within our immediate collaboration but it was not at that point distributed 
further. I have now decided to make it freely available since I feel it might be 
useful to someone, somewhere in the future. 

As a text, it is to a certain extent obsolete, in that it seeks analytic solutions 
to the various light collection problems, where today well established monte- 
carlo ray tracing codes can provide greater physical insight. However, the text 
provides a good foundation on which models can be built and a comprehensive 
review of the earlier literature on the subject. 

If anyone has any comments or further interest in the work they are welcome 
to contact me at j.e.mcmillan@sheffield.ac.uk. This address should work for the 
foreseeable future. 

This translation is respectfully dedicated to the staff and families of the 
Institute for Single Crystals of the National Academy of Sciences of Ukraine, 
Kharkhiv in this difficult time. 


John McMillan, Grasmere, Cumbria, May 2022. 


vii 


Abstract 
Quoted verbatim from Atomindex 9(5), RN361061, 1978. 


Light collection in scintillation counters. Tsirlin, Yu.A. (In Rus- 
sian). Svetosobiranie v stsintillyatsionnykh schetchikakh. Moscow. 
Atomizdat. 1975. 264p. 335 refs; 85 figs; 5 tables. 

An attempt has been made to systematize experimental data and 
calculation methods of light accumulation in scintillation counters. 
Methods are considered of determination of light guides passage of 
different types (e.g. expanding guide, a guide of constant section, 
a concentrating guide, a guide that converts the light beam section 
shape). The transparent scintillators, and the volume-diffusion de- 
tectors are also considered. A special attention is paid to the relation 
of light accumulation to radiometric characteristics of the counter, 
particularly to efficiency and resolution. The book may serve as 
a useful guide for constructing a scintillation counter with present 
characteristics and for interpretation of the data obtained by means 
of devices which accommodate scintillation detectors. 
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Preface 


The scintillation method of detecting ionizing radiation has been one of the basic 
techniques of registration and spectrometry over the last 25 years. It allows all 
forms of radiation to be detected either directly or by secondary processes with 
the advantages of low resolving time, high efficiency (when indirectly recording 
ionizing radiation) and the possibility of separately recording radiation of differ- 
ent types. These advantages are exploited in many different types of scintillation 
detector. Regardless of the purpose of any specific system in which a scintillator 
acts as a radiation converter, in this work it will be referred to as a scintilla- 
tion counter. A scintillation counter comprises a scintillator, a photomultiplier 
(PMT) and an electronic system (either recording or analytical). 

The selection of a type of scintillator, its geometry and how it is coupled to 
the photomultiplier is fundamental to the construction of a scintillation counter. 
This choice must be made in the design phase of mass produced detectors and 
in the construction of scintillation counters for laboratory experimental work. 

The process of detecting radiation using a scintillation counter may be di- 
vided into the following stages: 


1. the transformation of particle energy into luminescent scintillation energy 
by interaction with the scintillator; 


2. the collection of light photons by the photocathode of the photomultiplier; 


3. the absorption of light by the photocathode and the emission of photo- 
electrons; 


4. the process of electron multiplication in the photomultiplier; 


5. the formation of voltage pulses (signals) and their detection and analysis 
using electronic systems. 


The first stage is the radioluminescent event. Investigation of the mechanism of 
the scintillation process in various types of scintillator has been one of the basic 
elements of the study of luminescence, to which a large number of monographs 
and surveys have been dedicated. The third and fourth stages, which consider 
the internal operation of the photomultiplier have also been studied in detail 
in a series of monographs. The fifth stage is an important topic in nuclear 
electronics. 

The second stage, the process of light collection, has a special position. Al- 
though it is essential for the practical use of scintillators to establish the laws 
of this process and and to study scintillator optics, there has been no system- 
atic account of this area. Several descriptions of light collection in scintillation 
counters are to be found in monographs devoted to such instruments. Light 
collection has been further discussed in a large number of journal articles. How- 
ever, a large proportion of them are specific in character, are only relevant to 
particular systems and cannot be easily generalized. 

In this book an attempt is made to systematize and set out consistently 
experimental results and computational methods in the field of light collection. 
They can be used during the design of scintillation counters with given charac- 
teristics and in the interpretation of results found using systems which include 
scintillation detectors. Numerical estimation of the light collection process in 
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a scintillator is also important when investigating the mechanisms of the scin- 
tillation process. Data on light collection are essential for the determination of 
the conversion efficiency of scintillators. 

In the first part of the book methods of determining the transmission of var- 
ious types of light guide as components of a scintillation counter are considered, 
the second part is devoted to transparent scintillators and counters based on 
them and the third part discusses bulk-diffusing detectors. 

Particular attention is given to the connection between light collection and 
the radiometric characteristics of counters (detection efficiency, resolution, etc). 

The author wishes to express his deep gratitude to A.R.Daich and T.I.Sokol- 
ovskaya, who read the manuscript and made useful critical remarks. 
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Chapter 1 


Introduction 


1.1 Scintillation counters 


Strictly, scintillators are materials in which flashes of light are produced by 
the action of ionizing radiation, however, it is normal practice to use the word 
scintillator to refer to a mass of scintillating material. Part of the exterior 
of the scintillator, usually a plane surface, couples it to the photodetector, and 
is referred to as the output window of the scintillator. The process of the 
transmission of light from the point of the flash through the output window into 
the photodetector is called light collection. The parameter characterizing this 
process is the light collection coefficient 7, which is the ratio of the scintillation 
energy emitted through the output window to the energy deposited at a specific 
site in the scintillator. 

To understand how the basic characteristics of a scintillation counter (figure 
1.1) are determined by the light collection, it is necessary to study the processes 
which generate an output signal (see for example [316, 256, 260, 46]). 

1. The conversion of energy £7, deposited by a particle in the scintillator, 
into scintillation energy E,, which is characterized by the conversion efficiency 
(physical energy yield) 7 = E,/E, producing N, photons with mean energy 
Ee =hp: 8 ie 

8 1) 
Nz = ee (1.1) 

2. Light collection. Np photons will traverse the output window onto the 
photocathode as a result of reflection and refraction at the boundaries of the 
scintillator. The ratio N;,/N,, averaged over the volume of the scintillator is 
called the mean light collection coefficient or simply the light collection coef- 
ficient 7. Clearly, the average number of photons striking the photocathode 
totals 

En _ 
=—T 
€ 
The transformation of energy deposited by a particle into luminous energy, 
emitted through a detector’s output window, is characterized by the technical 

energy yield T. From equations (1.1) and (1.2): 


Ni (1.2) 


T=17 (1.3) 


or 
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Figure 1.1: Schematic diagram of a scintillation counter. 1. scintillation detec- 
tor. 2. photocathode. 3. dynodes. 4. anode. Cy — parasitic capacitance of the 
photomultiplier anode. R, — load resistance. 
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3. The photoelectric effect at the photomultiplier cathode. The number of 
photo-electrons emitted when NE photons strike the photocathode is: 


EB 
ne = — 70K (1.4) 
é 


where Ux is the quantum efficiency of the photocathode (which for simplicity 
also includes the collection coefficient for photo-electrons by the first dynode). 

4. Multiplication in the photomultiplier. The charge Q at the output of 
the photomultiplier is proportional to the number of electrons nq arriving at 
the anode of the photomultiplier. 








E 
Q = eng = eMne = eM—! TDK = <EntZa (1.5) 
E & 


Where e is the charge on an electron, M is the multiplication factor of the 
photomultiplier dynode system and %, is the anode responsivity. 

5. Signal forming. The most common method ! of photomultiplier signal 
forming is the generation of a voltage pulse on the anode load R,. This process 
is determined by the ratio between the time-constant R,C, of the anode circuit 
of the photomultiplier and the rise time of the scintillation light 7,. The voltage 
pulse at the anode of the photomultiplier is given by: 





E 
vo ar=emr TUKECa (1.6) 
where [ is a function of the ratio ae =p. A value of 7p is normally used, 


for which T = 0.5-0.8. 

The link between the characteristics of a counter, as used for registration, 
and the radiation spectrum and with the parameters in equation (1.6) and their 
functions will be examined. Firstly, the scintillator and the relationship be- 
tween its characteristics and the quantity V will be considered. With a given 
scintillation material the values 7,¢,7, are fixed. The deposited energy is nor- 
mally determined by the specific problem. The basic subject of the present 
investigation is the link between the performance of a detector with its optical 
characteristics. 


1.2 Applications of Scintillation Counters 


1.2.1 Radiation Discrimination 


When using a scintillator for the detection (counting) of radiation the basic 
characteristic of a counter is the detection efficiency. This can be represented 
this as the product of physical efficiency €pnys, proportional to the interaction 
probability for incident radiation, with the material of the detector, and the 
detector efficiency pp, equal to the probability that the scintillation produced 
will be registered. In the counter, pulses are registered above a certain discrim- 
ination threshold B (expressed in Volts), such that a considerable fraction of 
the background lies below the threshold. 





1Current and charge pulse formation methods are also used. 

2Here and below, the optical characteristics of a detector are defined to be those con- 
nected with the diffusion of the scintillation light within it. The attributes of the scintillator, 
connected with the generation of scintillation light are referred to as luminescent. 
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Figure 1.2: Pulse height spectrum from an Nal(T1) crystal (y-rays from 1°7Cs, 
E, =662 keV): 1 — the energy spectrum of Compton and photo-electrons; 2 — 
detector voltage pulse height spectrum. 


Correspondingly, the detector efficiency is determined by the formula (see 
figure 1.2) 





fr) dV { ] , / 
PB=S = n(V) dV =1— — | n(V)dvV (1.7) 
fa) dv = B a 0 


Introducing dimensionless variables into equation (1.7). Denoting the charac- 
teristic abscissa of the distribution in figure 1.2, for example the abscissa of the 
maximum V, through V* and 








nV), an 
Then 
B/v* 
pet / p(y) dy, (1.8) 
0 


where p(y) is normalized to a unit pulse distribution. For example, let the 
threshold B be chosen in order to discriminate against photomultiplier noise at a 
given voltage U supplied to the photomultiplier. From equation (1.8) it follows 
that for constant B, pg increases with increasing V*. Comparing equation (1.6), 
it can be seen that this can be achieved by increasing the collection efficiency 
3 


1.2.2 Radiation Spectrometry 


Broadening of the pulse spectrum from a pure d—function, that is the eventual 
width of the energy lines, limits the ability to resolve close lines in the particle 
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energy spectrum. Spectrometer performance is improved, the smaller the res- 
olution R, R = AV/V (see figure 1.2). The factors determining the resolution 
will be considered. 

Fluctuations of the quantities which enter into equation (1.6) can be divided 
into inherently statistical and geometrical non-uniformities. All statistical fluc- 
tuations are mutually independent, whereas geometrical fluctuations can be mu- 
tually dependent. This explains the fact that they can compensate each other. 
In the ideal counter geometric fluctuations can be reduced to zero. However, 
as will be shown, this is often attended by a reduction of the mean values of 
the corresponding magnitudes and with an increase in their relative statistical 
fluctuations. The problem commonly becomes a search for the optimal solution 
leading to the minimum value of relative variance 6V of the output signal. 

In general, though this cannot entirely be substantiated, it can be assumed 
that all fluctuations add in quadrature. This is justifiable for statistical fluctu- 
ations which can be described by Poissonian or Gaussian distributions and is 
approximately the case for geometric fluctuations. 

Consider the nature of the fluctuations of quantities which determine the 
output signal. The value E is subject to statistical fluctuations if the particle 
in the scintillator passes through a fraction of its path (for example, during the 
passage of a relativistic particle through a layer of scintillator, the energy loss is 
described by the Landau distribution [239]). In the case of total absorption the 
value F can be considered constant. The parameter 7 is subject to geometrical 
fluctuations just as it is subject to those of statistical origin. The geometrical 
fluctuations are connected with the non-uniformity of scintillation efficiency 
throughout the volume of the scintillator. Statistical fluctuations have a series of 
components. First of all there is the fluctuation in the transformation of energy, 
proportional to /Np (the relative fluctuation of the value N, is proportional 


to Ta = |B): There are also other specific factors which spread N, (see 
P 


page 170). 

The light collection coefficient 7 has different values for different points in 
the scintillator. Geometrical fluctuations, caused by non-uniformity in volume 
are characterized by the mean deviation 7 from 7 with the value of the ratio ar. 
(In some cases the fluctuation of 7, for example the dependence of the value r 
on the vertical coordinate z in the scintillator can be partially compensated by 
the corresponding dependence 7(z)[83].) 

The number of photo-electrons n-, which strike the first dynode, is deter- 
mined by equation (1.4). The relative variance én. of the number of photo- 
electrons emitted from the photocathode is a purely statistical quantity, deter- 
mined by the Poisson distribution 


1 E 
J Tle Ent&Xp 


Since Ly, *& 0.1-0.2, then dn. >> ON,. Similarly to the way that dne can be 
considered as a fluctuation of 7, the variance dn, can be treated as a statistical 
fluctuation of the quantity Ux. 

In addition to the fluctuation 6X; of the uniformity of the photocathode its 
geometric fluctuation 6X’; is also important, which is a measure of the non- 
uniformity of the quantum efficiency or of the electron collection efficiency over 
the surface. In some cases it is possible to reduce this fluctuation by combining 


(1.9) 
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10 Introduction 


those parts of a non-uniform scintillator having maximum efficiency with the 
parts of a photocathode having the minimum quantum efficiency Ux. 

Fluctuation of the multiplication factor M is linked with the statistics of the 
process of multiplication of electrons in the photomultiplier. While n. proved to 
be the very least of the values subject to statistical fluctuations (Np, ne,neM), 
then of the relative fluctuations of the magnitude, dn, is identified as being the 
largest. To first approximation it can be considered as a single statistical fluctu- 
ation. In this fashion, the statistical distribution of pulse heights is essentially 
due to the photomultiplier and is close to the Gaussian distribution. In this 
approximation the resolution of the photomultiplier equals the resolution of the 
photocathode: 


Vas 2.36 














Opmt 
Ring = 2336. = 2. e= 1.1 
pmt 7 36 7 366n Jie (1.10) 
From equations (1.10) and (1.6) it follows that R?,,4 ~ + x nt or under 


other equal conditions R?,,, * =. 

Proceeding from the addition of all fluctuations in quadrature, all the fac- 
tors leading to the broadening of the pulse spectrum at the output, can be 
divided into those which are caused by the scintillator and those which are 
linked with the characteristics of the photomultiplier. Replacing each of the 
root-mean-square fluctuations with the half-height distribution width, an ap- 


proximate expression for the resolution of the scintillation counter is found: 
2 ~ p2 2 
fence x Fe ceri a Front: CTI) 


Here Reein is the resolution of the scintillator. For a given type and energy of 
radiation the resolution of the scintillator can be expressed by the equation 

Re eee = i ole ce (1.12) 
where R, characterizes the spreading of pulses, depending on the bulk non- 
uniformity of the light collection coefficient; Rz is the spreading produced by 
the sum of the additional processes in the scintillator. 

The process of light collection influences the energy resolution of the scin- 
tillation counter in two ways: the resolution grows with the increase of relative 
non-uniformity of light collection W, in the scintillator, but also with the re- 
duction of rT. 

Non-uniformity of light collection is an important characteristic of a scintil- 
lation detector. It determines the fluctuation of distribution of light collection: 


dV 
w(T) = —, (1.13) 
dr 
where dV is the volume element of the scintillator. 
The transmission uniformity can be characterized by the maximum relative 
non-uniformity: 


jee Atm 7 (71 — T2)/2 :. (71 — Te) 
(1 + T2)/2 (1 + T2)/2 (71 +72)’ 





(1.14) 


where 7; and 72 are the maximum and minimum values of 7. For scintillators 
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(and lightguides) in which the light collection coefficient (or the transmittance) 
is symmetric, the maximum non-uniformity relative to the centre can be con- 


sidered: 
TM — Teen = ATeen 





(1.15) 


OTeen = 
Tcen Teen 


To a large degree, the relative variance of the light collection coefficient char- 
acterizes the scintillator: 





& 1/2 
P ; Z ; {[r — F)*we(r) dr 
W,= = = air — 72)'/2 — = ie a ‘ (1.16) 
f we(r) dr 


Approximately, assuming the Gaussian non-uniformity of light collection: 
R, & 2.36W,. (1.17) 


The optimum correlation between 6, and tT depends on the type and shape of 
the scintillator, the conditions of reflection and refraction at its boundaries, and 
on the radiation energy, consequently it must be determined with reference to 
the specific problem. In the present book the computational and experimental 
methods allowing the solution of the following problems are considered: 


1) for a specific design of detector, to find 7, the mean light collection coef- 
ficient and W,, the relative variance of the light collection coefficient, in 
the volume of the scintillator; 


2) to define the radiometric characteristics of a scintillation counter (detec- 
tion efficiency, counting plateau characteristic, resolution) and the con- 
nection between these and the values 7 and W,; 


3) to find the shapes, dimensions and conditions of reflection at the bound- 
aries of the scintillator which provide the optimum performance of the 
device for a given purpose. 


1.3. Scintillation Detectors 


1.3.1 Principal Classifications of Scintillation Detectors 


In the present work, scintillation detectors will be classified by their optical 
characteristics. In this context, there is a fundamental division between trans- 
parent and bulk-diffusing scintillation detectors. Those belonging to the first 
class are those in which the mean free path of photons for bulk scattering Ap 
is significantly greater than the average dimension L of the scintillator To this 
class belong detectors based on homogeneous scintillators, single crystals, plas- 
tics, liquids, gases. The second class comprises detectors based on dispersion 
systems of various types. 

Transparent scintillators can be generalized as a volume limited by a surface, 
which surrounds the entire scintillator with the exception of a specific area which 
is the output window. The calculation of the light output from such a cavity 
is related to problems considered in theoretical photometry [246]. However, the 
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Figure 1.3: Transmission of light through a lightguide of height z and a scintil- 
lator of height L. 


employment of scintillators as radiation detectors inevitably complicates the 
calculation. Here, the magnitude of the signal from a single scintillation and its 
link with the point of origin in the source volume are important. Further, the 
refractive index of scintillator is commonly higher than the refractive index of 
the receiver. Both these circumstances, and others require special treatment of 
the problem, although in several cases the photometric approach can be used. 
Hence, in the majority of cases it is possible to consider transparent scintillation 
detectors as bulk radiators. 


In bulk-diffusing scintillators the photons produced at a specific point in 
the volume of the scintillator are scattered and absorbed many times by non- 
uniformities. The diffusion radiation of light in media with scattering and 
absorption is an extensive field of optics (see reference [158]). The consideration 
of this question in scintillation technology is conditioned by the necessity to con- 
nect the characteristics of detectors with the characteristics of the medium and 
the individual particle and to find a solution for sufficiently complex boundary 
conditions. 


It is often necessary to optically couple the detector with the light receiver by 
means of a lightguide. To determine the transmittance of a lightguide of a given 
form, type and length it is necessary to find 7 as a function of the coordinates of a 
source point on the input window, that is to resolve a two-dimensional problem. 
Hence, for many simple shapes, for example cylinders (figure 1.3), the process 
of light transmission through a lightguide can be considered as a simplification 
of light collection in a similar shaped scintillator. For the case presented in 
figure 1.3, the light collection coefficient for the point O, which is situated at 
height z in the scintillator, can be expressed in terms of the transmittances of 
lightguides with lengths z (ray 1), L — z (ray 2), and L (ray 3). This example 
shows that it is essential to examine the behaviour of lightguides in a work 
devoted to scintillators. However, lightguides present a separate interest in 
themselves for scintillation technology. The problems which demand this will 
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Figure 1.4: Emission spectra of several scintillators. 1 — NaI(T1); 2 — CsI(T1); 3 
— NE102; 4 — CsI(Na); 5 — stilbene; 6 — anthracene. 





Figure 1.5: Physical and technical spectra of scintillators. 1 — absorption spec- 
trum; 2 — emission spectrum; 3 — spectra from samples of different thicknesses. 


be considered below. 

Transparent scintillators, like lightguides, can be classified according to the 
conditions of reflection on the surface (see section 1.4) (only the side surfaces of 
lightguides are being considered). 

In the majority of cases scintillators and lightguides have a geometrically 
simple shape which is highly symmetrical. The side faces usually form a general- 
ized cylindrical surface as the scintillation elements are most commonly circular 
cylinders or parallelepipeds. 


1.3.2 Scintillators as a Source of Light 


The emission spectra Y) of several scintillators are shown in figure 1.4. These 
spectra characterize the process of scintillation and are called “physical emission 
spectra”. 

They can be found by examining very thin samples. As a result of selective 
absorption during the transmission of light in a detector, a change occurs in 
the spectrum, the “technical spectrum” YY being shifted slightly towards longer 
wavelengths (figure 1.5). 
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14 Introduction 


In many calculations it is convenient to use the mean wavelength \ or the 
mean energy hv’ of a scintillation quantum emitted from the detector: 


h f[ vY} dv 
hy! = —~—___ (1.18) 


ies dv 
0 


In addition to the spectral composition, a detector as a source of light can 
be characterized by the intensity of its light. From cylindrical symmetry, com- 
mon to the majority of detectors, the luminous intensity depends only on one 
angular coordinate, 7 = j(@). From Lommel’s law (the Lommel-Seeliger law), 
the radiation of a scintillation is isotropic. However, as the light escapes the 
scintillator the angular distribution can be distorted because of reflections and 
refractions at the surfaces. Cases which are met in practice lie between isotropic 
radiation (“Lommelian source” ) 


j= 0/2n (1.19) 
and cosine radiation (“Lambertian source” ) 
j = ®cos0/z. (1.20) 


Here ® is the total luminous flux of the detector in the solid angle 27. Note 
that a black body radiator is a Lambertian source. 

In the case of cylindrical symmetry the light beam occupies a cone of vertex 
angle 2u, the half-angle u being known as the aperture angle. When sinu < 1 
the beam is called paraxial. 

It is necessary to determine the angular distribution of the light intensity 
of an actual scintillation detector experimentally or calculate, as far as the 
angular dependence j(@) determines a series of exploitation characteristics of 
the apparatus. 

For some cases this dependence can be shown: 


1) In the case of a detector with diffuse reflection, the height of which is 
comparable with the diameter and in optical contact with the receiver 
(for example, a detector based on Nal(TI1) coupled with optical grease 
onto a lightguide or the input window of a photomultiplier), the angular 
dependence j(@) is close to the cosine distribution (see page 163). 


2) In the case of detector with total internal reflection (for example a pol- 
ished plastic scintillator) in optical contact with the input window of the 
photomultiplier, the angular dependence j(6) is close to the isotropic dis- 
tribution. 


3) In the case of a thin polished slab of plastic irradiated in a direction 
perpendicular to the plane, the light distribution emitted into the air 
through the large face of the slab approximates a cosine distribution. (see 
paragraph 4.3.2). 


4) In the case of a detector with total internal reflection (polished plastic 
scintillator) with no optical contact between the output window and the 
photomultiplier or the lightguide, the light beam in the glass of the pho- 
tomultiplier or in the lightguide is limited by the aperture angle, close to 
the total internal reflection angle of the scintillator y. 
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1.4 Detectors for Scintillation Light 


Currently in most cases photomultipliers are used as receivers of scintillation 
light. Only those characteristics of the photomultiplier which are important for 
the process of light collection in scintillators will be considered. 

1. The escape of photo-electrons from a photocathode is a statistical pro- 
cess. Consequently, as shown in paragraph 1.2.2, the contribution of the pho- 
tomultiplier to the resolution of a scintillation spectrometer is linked with light 
collection: 

Rome © Lift (1.21) 

2. The photocathode is a selective receiver of light, usually characterized 
by its relative spectral responsivity S$), standardized so that S = 1 (or 100%) 
at wavelength Ajj, being the maximum of S$), and the maximum quantum 
efficiency yy (photo-electrons per photon) where \= Ay. Then the quantum 
efficiency of the receiver is 

Yee Sy (1.22) 


The mean value of the efficiency of a receiver for a given radiator is [46, 89]: 


BM [Saved 
Ye = —2———- = 5¥ nm. (1.23) 
fra, 
0 


Here m is the matching coefficient between the scintillation spectrum and the 
spectral characteristic of the photocathode, 0 << m < 1. 

Photomultipliers with semi-transparent end-view photocathodes are nor- 
mally used to detect scintillation light. Antimony-caesium and multi-alkaline 
photocathodes with their specific responses Ux (A) are preferred. The spectral 
response of individual photomultipliers can differ significantly from the char- 
acteristic curve of the specified type of photocathode. In foreign literature 
photocathode types are designated as S-numbers, while in Soviet literature a 
different photocathode classification is used. A selection of responses S(A) are 
shown in figure 1.6 [164]. 

3. Photomultipliers inevitably have an intrinsic noise pulse spectrum. One 
of the ways to increase the signal-to-noise ratio is to improve light collection in 
the detector. 

4. Photomultiplier photocathodes, especially those of large diameter, have 
noticeable non-uniformity of responsivity. In principle this can be reduced, by 
introducing a filter of variable optical density, to compensate [242, 195]. It 
is simpler and more effective, however, to use lightguides, which in this ap- 
plication are known as “mixing lightguides”. Independently of the site of 
scintillation, the signal is determined by the mean responsivity of the photo- 
multiplier. The required length of lightguide is determined by the acceptable 
level of non-uniformity [173]. 

5. For calculational purposes the photocathode is taken to be completely 
black (a = 1—p = 1), an assumption which generally contributes negligible error. 
In fact photocathodes possess a non-zero reflectance, caused by the interfaces 
between the photosensitive layer, the glass and the air. The optical constants 
employed, for example, in reference [262], indicate that p can be as much as 
0.2-0.3. 
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Figure 1.6: Typical photomultiplier spectral responses. a — classification, used 
in the USA and England (S-11 — SbCs; S-13 — SbCs with a quartz window; 
S-20 — SbKNaCs); b — classification used in the USSR: C-4 semi-transparent 
photocathode SbCs; C-3 the same with an ultraviolet glass envelope; C-8 multi- 
alkaline photocathode. 
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6. The photocathode efficiency is dependent on the angle of the incidence of 
light with the photosensitive layer. It increases as the angle of incidence grows 
to 60-70°, but after this falls rapidly. The ratio of the maximum efficiency to 
the efficiency at normal incidence has been reported for photomultiplier type 
FEU-49 — 1.3 and for type FEU-13 — 1.5 [175]. The angular dependencies can 
be important in those cases where light rays strike a photosensitive surface over 
a range of angles, for example: the case of detectors with or without optical 
contact to the photocathode. 

The shortcomings of photomultipliers are their considerable physical size and 
the requirement for a high voltage supply. Consequently there have been several 
attempts to use semiconductor detectors for scintillation light [101, 40]. Two 
difficulties are met with, firstly, the emission spectra of available scintillators 
have shorter wavelengths than the maximum efficiency of usable semiconductor 
receivers, and secondly, the noise level of semiconductor light detectors is quite 
high. 


1.5 Optical Considerations 


The transmission of light in transparent scintillators is determined by refraction, 
reflection and bulk absorption. In bulk-diffusing scintillators the scattering of 
light becomes significant. However, the dimensions of the structures and 
apertures are sufficiently large that practically all cases can be dealt with in the 
approximation of geometrical optics. 


1.5.1 Refraction of Light 


The refraction of light at the interface of two media A and B is described by 


the law 


in 1 
ee (1.24) 





sin Op NA Nrel 


The phenomenon of total internal reflection derives from equation (1.24). If 
light from medium A with a high refractive index crosses over into medium B 
with a lower refractive index (n,¢; > 1) and the angle of incidence 6, is larger 
than the maximum angle taz = 7, then the light is totally reflected back into 
medium A. Clearly; 

siny = 1/Mret- (1.25) 


1.5.2 Reflection of Light 


When a beam of light rays is incident on the interface between two media, of 
which at least the first is transparent, rays are produced spreading out from 
the interface into the first medium. If the non-uniformity of the interface is 
significantly smaller than the wavelength, then the reflection is determinate 
(non-stochastic) or specular. If the interface has non-uniformities significantly 
larger than the wavelength or the second medium possesses non-uniformities 
leading to the scattering of light, diffuse reflection of light takes place. 

Diffuse reflection, like specular reflection is a somewhat idealized concept. 
The laws of specular and diffuse reflection, which are cited below are limit- 
ing cases; actual reflection is mixed. Deviation from ideal reflection is more 
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Figure 1.7: Definition of diffuse reflectance: 1 — the incident ray (unit vector 
u); 2 — the reflected ray (unit vector v); k — the unit vector perpendicular to 
the surface. 


significant for diffuse reflection than for specular reflection. 

In some circumstances a fraction of the rays in a scintillator (or in a light- 
guide) undergoes specular reflection, while another fraction undergoes diffuse 
reflection. This phenomena is known as “combined reflection” . 

The reflection of light can be characterized by the reflectance p, which is 
the ratio of the reflected luminous energy to the incident energy. For a more 
detailed description a differential reflectance py is used, which is the ratio of 
energy reflected in the unit solid angle to the incident flux. The coefficient py is 
a function not only of the angles of incidence @ and reflection 7, but also of the 
azimuth angle y and is characterized by the scattering function (figure 1.7). 


Specular reflection 


In specular reflection the incident ray and the reflected ray lie in one plane (the 
planes P and Q in figure 1.7 coincide, y = 0). The law of specular reflection: 


6=0, p9(6,0) = ps(6 — 0) (1.26) 


where 6(@ — #) is the delta-function. 

Fresnel reflection. One type of specular reflection is glass-like reflection or 
more correctly Fresnel reflection, that is the reflection of waves at the boundary 
of two transparent media with different refractive indices. For non-polarized 
light the reflectance is determined by Fresnel’s formula (see, for example, refer- 
ence [180]). 

For rays at perpendicular incidence 


may n 
Pires = ( ) ; n= ae (1.27) 


n+l ny 





Figure 1.8 depicts the dependence of py,e, on the angle of incidence 6, for 
transmission from medium 1 with n,; = 1 into medium 2 with ng = 1.52 and 
nz = 1.85. These graphs also allow us to find the dependence of pres on the 
angle #2 in transmission from medium 2 into medium 1 by means of a change 
of the z-axis according to the law 


6, = sin“ |= sin a| (1.28) 
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Figure 1.8: Fresnel reflectance as a function of the angle of incidence from 
medium 1 with n; = 1; into medium 2 with ng = 1.52 (curve 1) and ng = 1.85 
(curve 2). 


It can be necessary to find what fraction of the luminous flux from a point 
source incident onto the separation boundary at a defined solid angle 2 under- 
goes Fresnel reflection. Clearly: 


este / 59,0) 0 frea(8)A0S : / j(0.9) aan (1.29) 


Q Q 


Here j(8,y) is the luminous intensity of the source (ignoring the index at 
61). 

The problem of the determination of pyres for a cosine source was solved by 
Gershun and Popov [115] for wu, = 90°. The solution for any aperture angle u4 
has been tabulated by Veinberg and Sattarov [310]. 

In many cases a simple approximation for the function pyres(@) is useful, 
which allows one to conduct calculations, under the conditions of the problem 
being considered, according to equation (1.29). The expression 


prres(®) = Pyresn + (1 — pjresn) exp [-a (5 —8)] (1.30) 


is a satisfactory approximation. Here a is a coefficient dependent on n (which 
is determined from figure 1.9). 

Total internal reflection. The reflectance for total internal reflection can be 
approximately written as 


p={ By ee (1.31) 


When light strikes the scintillator-air interface (n4 = no,ng = 1) from 
within the scintillator, the escape of light from the scintillator is limited, ac- 
cording to equation (1.26), by the maximum angle y = sin~'1/ng. The phe- 
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Figure 1.9: Equation (1.30). The dependence a(n). 


nomenon of total internal reflection taking place at scintillator surfaces other 
than the output window is commonly used for increasing light collection. 

An air gap can also be maintained between the output window of the scin- 
tillator (detector) and the photodetector, in which case it is referred to as a 
scintillator “with no optical contact” with the photodetector. Commonly there 
are intermediate media between the scintillator and the receiver (the glass of 
the photocathode): coupling compound between the scintillator and the output 
window of the detector, the output window itself, an immersion medium of re- 
fractive index n’. It is easy to show that in this case the maximum angle is 
determined by the same equations: (1.24, 1.25), while for ng = nq it is necessary 
to identify which material has the minimum refractive index along the path of 
the ray. 

Since Nglass © 1.5, complete optical contact is possible for scintillators having 
no < 1.5 where n’ < no, and then y = 7/2. For scintillators with no > 1.5 or 
even where no = 1.5,n’ < 1.5 the output of light through the output window 
is limited by the value y < 7/2, as far as the effective relative refractive index 
of the boundary of the scintillator with a photocathode is np~y = no/ni > 1, 
which is referred to as a scintillator with “incomplete optical contact” . 

Light reflection from an absorbing medium. Strong absorption means that 
the mean penetration depth is less than one wavelength. This occurs when light 
strikes metal, so this type of reflection of light is called “metallic” . 

Here it can be assumed that, to a reasonable approximation, the reflectance 
does not depend on the angle of incidence 


py = po(O—¥) (1.32) 


The reflectance of metals is wavelength dependent and, for the majority of 
metals, increases with wavelength. Metals possessing a suitably high reflectance 
in the wavelength region 400-500nm are of practical interest as materials for 
scintillation equipment. Amongst them are aluminium, silver, tin and several 
alloys, which are used both as solid metals and as foils of thickness d > A. The 
dependence of the reflectance on angle is weak. 

For silver, aluminium, chromium and nickel p has the maximum value at 
angles of incidence close to 30°; the value p at 80° for silver is 3% and for alu- 
minium 7% lower than the maximum value. At angles of incidence approaching 
90°, p > 1 [310]. 

Figure 1.10 shows the reflectances for several pure metals. It should be 
noted that reflectance of a metal depends on the method of preparation of the 
reflecting layer and the purity of the material, hence the data shown should be 
regarded as tentative. 
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Figure 1.10: Reflectances of several metals. 


Some constructions have involved evaporating a reflective metal film onto 
the outer surface of a solid scintillator or a glass container filled with liquid 
scintillator. Here the reflectance has different values for “external” light, inci- 
dent from the surrounding air and “internal” light incident from the underlying 
material, being 5—20% lower in the latter case [1]. 3 

The reflectance of metallic mirrors can be increased over a broad spectrum, 
by applying two dielectric layers. For example, one of the methods of fabricating 
a mirror based on aluminium with a high reflectance and good durability [191] 
gives the value p = 0.935. 

Total internal reflection with external (metallic) reflection. In some cases a 
specular (metallic) reflector of reflectance p,,, is placed on the polished surface 
of a scintillator or lightguide, avoiding optical contact. When light strikes such 
a surface from within specular reflection takes place, the reflectance depending 
on the angle of incidence: 


p={ pms U<Y (1.33) 


If light can strike the surface at all possible angles, the mean reflectance will be 
greater than the reflectance of a simple specular reflector. In the case of light 
from an isotropic source striking a plane surface the mean reflectance is: 


P = Pm(1 — cosy) + cosy = pm + (1 — pm) cosy (1.34) 


Diffuse reflection 


Diffuse, or scattered reflection occurs where a solid has a rough surface or pos- 
sesses an internal non-uniform structure. In the first case the surface of the solid 
consists of an infinitude of micro-facets, each with its own random orientation. 
If the dimensions A of the individual micro-facets are large in comparison with 
the wavelength , reflection from each one occurs according to Fresnel’s law and 
the dependence p(v,y) is determined by the statistical distribution of the sur- 
face orientations. Where A ~ 4, diffraction at the boundaries and interference 





3In reference [73] it was found that if polished aluminium foil of p about 0.8, was placed 
in optical contact with plastic scintillator using silicone oil, then p dropped to about 0.6. 


20 


25 


26 


29 


32 


page 29 


page 


13 


16 


19 


20 


22 


26 


29 


30 


32 


36 


40 


30 


31: 


14 


17 


21 


22 


24 


32 


22 Introduction 


between rays begin to dominate. 

The reflection behaviour may be a volumetric phenomena, determined by 
the effects of multiple reflection of light which has penetrated into the medium 
[17]. Here the reflection coefficient depends on the thickness of the non-uniform 
solid, the dimensions of the non-uniformities, the light scattering function and 
the absorption of light in the solid. _ Commonly, such bulk reflecting media 
are formed by biphase dispersion systems. A dispersive continuous medium 
(solid, liquid or gaseous) usually absorbs light weakly. The dispersion phase 
distributed in it comprises small particles, differentiated from the dispersion 
medium by their refractive index. 

The reflectance of a layer is greater, for particles of a given shape, the greater 
the relative refractive index nye1, the fewer particles present and the higher the 
transparency of the particle material. This is considered in greater detail in 
chapter 10. 

The diffuse reflectance gives the sum of the luminous flux reflected by the 
solid. The angular distribution of the reflected light and the differential diffuse 
reflectance depend not only on the characteristics of the reflecting solid but also 
on the incident angle of the light. In some cases a satisfactory approximation for 
diffuse reflection is given by Lambert’s law: the luminance of a diffuse reflecting 
solid is proportional to its illuminance and does not depend on its direction. 

The luminous intensity of such a source is proportional to the cosine of the 
angle of reflection and the differential reflectance (see figure 1.7) is given by 


py = P cos 0 = Pik, v) (1.35) 
T T 
A reflector (surface and substance), for which the law of cosine reflection is 
fulfilled perfectly is called an ideally matt, iso-radiant or cosine reflector. 

In practice Lambert’s law is fulfilled satisfactorily only for angles of illu- 
mination and observation less than 60°. At greater incidence angles a no- 
ticeable specular component is observed (lustre), the directional response plot 
has a broad maximum in the direction of specular reflection. Lustre oc- 
curs both where the dimensions A of the micro-facets are small in comparison 
with the wavelength and also in the case where \ < A (see, for example, 
reference. [158]). The latter, which can be treated under the approximation 
of ray optics, is important for scintillator optics. Experimental investigations 
of the light scattering function, for light incident from within onto the matt- 
finished surface of a scintillator or a model solid were undertaken in references 
(214, 194, 77]. 

In calculations of light collection in scintillators, the estimation of the true 
scattering function remains problematic. Globus [121] proposed a simple model 
of the light scattering function for rough surfaces. This model takes into 
account the basic characteristics of the true function: its dependence on the 
angle of incidence and the presence of a strong maximum in the direction of 
specular reflection. The model scattering function consists of cosine and specular 
components, the integral intensities of which conform to 1 — p and p: 


cos 0 re 5(0 — 8)d(y) 


T sin 0 





(V,~) = (1— p) (1.36) 


Here 6 is the angle between the unit vector u of an incident ray of the 
illuminance 7 and k, a normal to the surface; 7 is the angle between the unit 
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Figure 1.11: Dependence of the effective reflectance p on the angle of incidence 
6 for various reflecting surfaces characterized by the parameter r (figures on the 
curves are the values of r). 


vector v, defining the direction of reflection and the normal k; y is the angle 
between the planes u,k and v,k (see figure 1.7). The angles J and y define 
the direction of the reflected ray. The value p is chosen for this analysis such 
that the model scattering function gives the correct value of the integral flux of 
reflected light across a plane perpendicular to the direction of specular reflection 
and so that the degree of broadening of the specular maximum is correct. For 


actual rough surfaces the mean effective reflectance p = p(0) = f p(0) sind dé 


2 

can vary within limits 0.6-1.0 (p = 1 corresponds to a purely specular surface). 

Diffuse reflection is characterized by the effective reflectance as a function 
of the angle of incidence 9. The micro-facet model can be used to compute 
p(@). Reference [121] gives methods of determining the parameter p from ex- 
perimental data — using the scattering function found at normal incidence. Let 
f(y, 8) be a function of the distribution of micro-facets along the direction of 
the perpendicular line n (here 6 is the angle between the planes u,k and n,k; 
y is the angle between the unit vectors n and k). Analysis of the directional 
response plot of reflected light using the micro-facet model shows that at normal 
incidence the directional response is: cos’(0)(r > 1). The form of the function 
f(y, 8) corresponds to this: 


cos"2y, for y< 


f(7,8) = { 0, fe eS (1.37) 


AIAAIA 


Figure 1.11 shows the dependence of the effective reflectance on the angle of in- 

cidence @. It should be emphasized that even for a surface where, during normal 
incidence, reflection is predominantly cosine reflection, the effective reflectance 
p grows as @ increases to + 0.6. For typical rough surfaces the parameter p, 
estimated according to the data from references [194, 282, 283, 284] varies in 
the range 0.7—0.8. In this way the model of effective reflectance allows one to 
conveniently classify smooth surfaces according to one parameter — the mean 
effective reflectance p. 
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The reflecting materials used in scintillation technology are grouped in both 
these categories. | Normally materials with the highest possible reflectances 
are used in scintillation technology. MgO, AlgO3 and TiO2 as powders, polyte- 
trafluoroethylene and several other materials have been used, even cotton wool 
and paper. In the case of dispersion systems, if the dispersion medium is air 
(nz = 1) the maximum possible value n;/nz is attained. The effect of a fluid, 
even if transparent, is to reduce the reflectance of the powder layer and it has 
greater effect, the lower its refractive index. Constructive considerations often 
mean that paints are used, composed from the specified powders and several 
others. The binding media used have a refractive index ng > 1, consequently 
the reflectance of the layer produced is usually lower than for dry powders. 

Data, quoted in photonics literature, for the reflection of light incident on a 
reflective layer is usually specified from the air. However, in scintillation detec- 
tors light impinges from within onto a layer of paint or evaporated magnesium 
oxide on the surface of the scintillator. Here the reflectance is lower than the 
case of incidence with a painted surface from outside. Indeed if there is an air 
gap between the scintillator and the reflector then, because of Fresnel reflection 
(and for many angles of incidence, total internal reflection) a greater part of the 
light is reflected than would be the case if the paint were applied directly to the 
scintillator (see above). 

The reflectance of the specified reflectors is dependent, to a greater or lesser 
degree, on the wavelength of the incident light. (Its dependence on the wave- 
length is less in the case of magnesium oxide than other materials, however, 
with multiple reflections the effect becomes appreciable [50]). Because of this 
the choice of an “optimal reflector” depends on the type of scintillator used. In 
figure 1.12 the reflectances (for an infinitely thick layer) of several materials are 
shown [129]. Reference [85] gives data on reflectances of materials used in 
scintillation technology in the USA. 

When strongly absorbing radiation (for example, long wavelength X-rays) is 
being measured, it is desirable to use the thinnest possible layers of absorber 
while sufficient material is required to render the reflectance close to that of an 
infinitely thick layer. For MgO this thickness is about 1.55mm, for sheet PTFE 
it is roughly 5mm [193, 272]. 


Combined reflection 


Combined reflection occurs when light impinges from within onto the specular 
(polished) surface of a scintillator, beyond which lies a diffuse reflector avoiding 
optical contact with the surface. In this case 


gs { pat, <4 (1.38) 


where pairs is the diffuse reflectance. Clearly, if light can strike the scintillator 
surface from all possible angles, then the combined reflectance (averaged over 
the angles of incidence) is greater than the diffuse reflectance; it is expressed by 
a formula similar to equation (1.33). 

After combined reflection the structure of the light beam is altered, the 
central part, within the limits of the angle 7, becomes re-distributed according 
to the cosine law, hence the reflected beam is more directed than the incident 
beam. 
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Figure 1.12: Diffuse reflectances of several (a) coatings and (b) materials used 
in scintillation technology [129]: 1 — BL-548; 2 — BL-55; 3 — AS-81; 4 — FP- 
580; 5 — IM-70; 6 — KO-88; 7 — AK-234; 8 — CuO (anodized black); 9 — Al 
(etched); 10 — Al (anodized black); 11 — paper (Whatman); 12 — black paper; 
13 — monocrystalline silicon (polished); 14 — polytetrafluoroethylene (teflon). 
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1.5.3. Absorption of Light 


The absorption of a parallel monoenergetic light beam in a homogeneous medium 
is described by the Bouguer-Lambert-Beer law: 


® = Gp exp(—K) 2) (1.39) 


where K) is the absorption coefficient; « is the path length of the light along 
the beam; ®g and ® are the values of the luminous flux at the entrance of the 
absorbing medium and at its exit. 

Scintillation emission spectra are continuous. The absorption coefficients of 
scintillators are in general wavelength dependent, and have a significant value 
over the region of scintillator emission. Consider a flash of scintillation light 
with an emission spectrum Y) produced at a specific point. The total flux of 
scintillation light within spectral limits 1, Ag is: 


dr2 
By = {% dy (1.40) 
Al 


In the case of a parallel beam of rays in the scintillator the spectrum at 
distance x from the point of origin is expressed by the relation 


Yx(x) = Y) exp(—K 2) (1.41) 


The flux at distance x can be defined as 
A2 
P= by [ exp(—Kyx)¥s dA (1.42) 
Al 


K (a), the absorption coefficient (averaged over the scintillation spectrum) for 
path length x from the point of origin may be defined: 


A2 dr2 
d® 
K(a) = eae [® exp(—K)2)Y) dA > : few-Kny%s dA > (1.43) 
At AL 


The absorption coefficient over the path (0,2) is given by 


~ Il 
K= e In 3B (1.44) 
Note that, following Stokes’ law, the maximum of the emission spectrum 
has a longer wavelength than the maximum of the absorption spectrum, con- 
sequently the technical spectrum maximum has longer wavelength than the 
physical emission spectrum maximum. (see figure 1.5). The degree of overlap 
of the spectra along the path of the ray decreases resulting in K(x) being a 
diminishing function of distance. This is also, to a lesser extent, true of K. 
These ideas are complicated by the fact that the responsivity S) of the radia- 
tion detector, for example the photomultiplier photocathode, is also wavelength 
dependent. Incorporating this dependence into an “instrumental” effective ab- 
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sorption coefficient leads to the formula: 


2 
f S)\ KY, exp(—K) 2) dX 
K(c)=% 





(1.45) 


dr2 
f S)Y) exp(—K)2) dX 
AL 


After the light has left the scintillator, absorption may also occur in transmis- 
sion through a transparent medium such as a lightguide. The dependence K(z) 
is defined by the same equation (1.45). For the materials which are commonly 
used, polymethylmethacrylate and polyvinyltoluene, the dependence of the ab- 
sorption coefficient kK on the wavelength is also a decreasing one. | Because 
of this the same considerations are applicable to them as for scintillators: K(«) 
decreases with increasing 2. 

In addition to the overlap of the scintillator’s emission and absorption spec- 
tra, absorption is significantly affected by additives and impurities. Most im- 
portantly is the case of alkali halides activated by thallium where the spectrum 
overlap is insignificant and consequently technological improvement leads to a 
reduction of the absorption coefficient. For example, the 1952 catalogue [143] 
of the Harshaw Company (USA) gives the value K = 14.7m~' at A = 420nm 
for Nal(T1) crystals, while Iredale [156] gives the values 0.2-0.8m~! for the 
crystals from the same company. Reference [271] gives transmission spectra for 
the light collection coefficient of a solvent showing the effect of successive vac- 
uum distillations. An analogous situation takes place for plastic scintillators. 
Transparency of the base materials of plastic scintillator has also gradually im- 
proved. For a standard plastic scintillator (polystyrene + 2% para-terphenyl + 
0.1% POPOP) the absorption coefficient changes from 40-20m~ for a length of 
30mm to 2.0m~! for a length of 100-200mm [290]. More recent measurements 
give lower values of K [20]. 

The absorption coefficient for solid lightguides is non-zero. Materials used 
are rods of fused quartz, polymethylmethacrylate (perspex, lucite, plexiglas), 
polystyrene, polyvinyltoluene and in some cases transparent liquid filled tubes. 

The absorption, K, for lightguide materials normally lies within the limits 
0.3-2.0m7!. 

Lesser demands are made of the transparency of materials which are only 
used in scintillation detectors in the form of thin layers, such as contact fluids 
and adhesives. This is also true of glasses used for the output windows of 
detectors [256, 193, 129, 133]. 


1.5.4 Some Questions of the Transmission and Concentra- 
tion of Light 


In considering the transmission of light through an optical system it is expedient 
to use the ray bundle concept (see, for example, [310, 246, 315]. A spatial volume 
filled by all rays which can pass through it, linking each point of one section 
S; of the beam with each point of another section S2 is called a ray bundle 
(figure 1.13). The basic property of the ideal ray bundle is that it preserves 
the luminous flux along its length. 

The transmission of a light beam is determined by Straubel’s theorem for 
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Figure 1.13: The definition of a ray bundle. ny and nz are the refractive indices 
of the two media; S; and S» the sections of the ray bundle; AQ; and AQ» the 
solid angles with apexes at dS4, and dS4, and which limit the ray bundle; 71 
and 22 the angles between axis of the ray bundle and normals to the areas dS'4, 
and dS'4,. (After [315].) 


an ideal ray bundle: 


nf as, / cos i, dQ, =n} f as, / cos ig dQ, (1.46) 


Si AQ, So AQ2 


Here n; and ng are the refractive indices of the two media; AQ; and AQ» are 
solid angles with apexes dS'4, and dS4, which limit the ray bundle, 71 and 2 
are the angles between the axis of the ray bundle and the normals to the areas 
dS, and dS4,. 

If the two surfaces S; and Sy are flat and their dimensions are small by 
comparison with the length of the ray bundle (which is not always the case for 
scintillation detectors), then (1.46) can be noted in the form: 


ni sy Fi cos 4; dQy = n3So | COs 29 dQ2 (1.47) 
AQ, AQ2 


The expression (1.47) presents a geometric invariant of Straubel’s theorem; the 

expression for a luminous flux ®, passing through a ray bundle. It is true for 

any two sections 5; and $2 of the ray bundle, provided that these sections are 
optically conjugate. 

If the ray bundle possesses an axially symmetrical structure and the areas 

S; and Sy are perpendicular to the axis of symmetry of the beam, then equa- 
tion (1.47) becomes 

n?.S; sin? uy = n3S2 sin? up (1.48) 


where wu; and wz are the angles of the conical surfaces which contain the angles 
AQ, and AQ» with the axis of symmetry of the ray bundle. If the receiver 
and the source are circles with radii R; and Rz respectively, then from equa- 
tion (1.48) it follows*: 

n, Ry sin Uy = noRo sin U2 (1.49) 





4Straubel’s theorem constitutes a generalization of the Lagrange-Helmholtz law or the 
optical sine relation valid for optically linked points, 


nly sinuy = nol2 sin ug 


where [; and lg are transverse dimensions of the object and image; u; and u2 are the angles at 
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From equation (1.49) the maximum value of u; can be found (where ug = 7/2): 


: ng Re 
= -— 1.50 
sin Uj, aR ( ) 
or in the case where n1 = na: 
sin uy, = = (1.51) 


If equations (1.47-1.51) are applied to an axially symmetrical system, then uw 
defines the aperture angle of the transmitted light beam. 

It is important to realize that Straubel’s theorem and its consequences are 
a specific instance of the law of conservation of energy, since they signify the 
constancy of the flux of light energy ® in any cross section of the beam. 

It follows from the above discussions that: 1) where S; = S> the transmission 
of the totality of the luminous flux is in principle possible; 2) in other cases, 
the total luminous flux emitted by S$; will not pass through aperture $2, but 
only a fraction of it determined by equation (1.51) (assuming n; = ng and the 
other restrictions mentioned above). The limit to the luminous flux which is 
transmitted is defined by equation (1.51) and the distribution of luminance of 
the source B(u). Rays leaving from the source S; at an angle u greater than u4 
will not strike the receiver but return instead towards the source. 

From equations (1.46-1.51) it follows that the illuminance of the receiver 
E = ®/S_ cannot exceed the luminous emittance of the source. This directly 
links Straubel’s theorem not just with the first but also with the second law of 
thermodynamics, in that the reverse case would have lead to the transmission 
of heat from a cooler to a hotter solid without changes in a third solid, given a 
black body receiver. 

As Garwin showed [109], Straubel’s theorem is not applicable to systems 
in which the rays can intersect the source field. In reference [292] the limit 
of the light concentration for this case is found. As a model, consider 
the system consisting of a source of light of area S; with Lambertian angular 
distribution (luminance B(u) = Biamp = const, reflectance p, coefficient of 
absorption a = 1 — p, luminous emittance M = mBiamp, flux ® = MS) which 
is projected onto the area Sg < 5S using a lens. The beam striking the 
lens is limited by the angle Q) = 7 sin? u,. A supplementary reflector Q. with 
reflectance pp returns rays going outside the angle Q; back to the source. It is 
easy to define the illuminance of the area Sy with a summation of the successive 
reflections: 
ws BiambQ1 81 

S2[1- ppo(1- *)] 
Assuming po = 1, 01/7 < 1 and that equation (1.51) is applicable to the flux 
transmitted through the lens onto the receiver: 


E 





(1.52) 


€ = Msin? 2 (1.53) 


Qa 


If the radiator is thermal then, in agreement with Kirchoff’s law, the ratio M/a 
equals the radiant emittance M. of a black body radiator. In this case the 





which the optical system is visible from the centre of the object and the centre of the image. 
In references [109, 258], equations (1.48-1.51) as applied to non-imaging systems are quoted 
as the Lagrange-Helmholtz theorem while in references [32, 150] they are quoted as the optical 
sine relation. 
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maximum possible illuminance where uz = 7/2 is the radiant emittance of a 
black body radiator: 
E=M. (1.54) 


This is the limit of light concentration for a thermal radiator. 

For scintillation radiators an illuminance of the receiver can be achieved 
which significantly exceeds the luminous emittance of the source. Garwin [109] 
identified the seeming inconsistency of such systems with the laws of thermo- 
dynamics. Reference [292] shows that the particular characteristics of a scin- 
tillation light source remove the restrictions imposed on the concentration of 
light not only by Straubel’s theorem, but also by equation (1.51). Indeed, in 
that for a scintillation radiator, M and a are independent (a = 1 — p can be 
arbitrarily small) then the ratio €/M can, theoretically, be arbitrarily large. 
Consequently, for the concentration of scintillation light there are no theoretical 
limitations (up to receiver temperatures for which the emission spectrum begins 
to overlap with the emission spectrum of the source). 


1.6 Some Geometrical Relations for Luminous 
Fluxes 


In the computation of light transmission in scintillators and lightguides it is 
necessary to calculate the fraction of radiation, from a point emitter, impinging 
a section of a plane (normally a circle). Most commonly an isotropically 
radiating emitter is considered, when the problem is simply the definition of the 
relative solid angle. 

A number of references are dedicated to the definition of the solid angle 
from a given point onto a disc. Usually the aim of these references is the 
definition of the geometric factor of a radiation detector or target (see, for 
example, [221, 188]). The analogous problem is solved for a cosine source in 
reference [5]. Designating an element of the target surface as do, the normal 
to it n and the distance from the source to the surface element /, then the solid 
angle can be noted in the following form: 


is? 1 / cos(n.l) da (1.55) 





~ Or [2 


In this expression the total flux (solid angle) is taken as unity. Similarly, the 
fraction of the flux impinging the disc from a cosine radiator, the axis of which 
is perpendicular to the target, is expressed by the formula 


coe Lf €08?(n.l) do 
0? = / mn (1.56) 





For a source, positioned on the axis of a disc of radius Re at height H, equa- 
tions (1.55) and (1.56) become respectively: 





iso _ 1} 1 is Lay cos 0) 
WwW = = 3 
2 JH? + R3 2 


where, §=cot~'(H/R2) =cot~'h (1.57) 
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H? 

eae P+ Re sin? 6 (1.58) 
It is more complicated to calculate the integrals for a source displaced p from 
the axis of the disc. This calculation has been performed in various references 
aS an expansion into a series, as an expression involving tabulated elliptical 
integrals, and as a numerical integration using a computer (see, for example 
reference [107]). A sufficiently complex expression for w is not presented here 
[6, 188]. For several values of h = H/R2, a = p/Rz the dependence w**°(a) is 
shown in figure 7.1. 

The integration of equation (1.55) over the source area, a disc of radius Ry, 
allows us to find the total flux impinging a circular target of radius Ry from a 
coaxial circular source. Designating Ri /H =a, Ro/H =1/h = 6, then 


W 


Ri 


B 
1 . 2 : 
aa, B) = aR [ed = geen [leaada (1.59) 
1 
0 0 


Here w/ is the probability of incidence of radiation from an isotropic w**? or a 

cosine source w@°* with the target normalized to unity for the total source flux. 

The integral in equation (1.59) has been calculated for an isotropic source 

a number of times (see, for example, [221, 188, 5]), and also for a cosine source 

[6]. When using these tables and graphs one should be aware [6] that for any 

distribution of radiation the ratio of the fraction of radiation @, impinging a 

receiver of radius R,¢. = Re from an emitter of radius Rem, = R, to the fraction 

of radiation 2 impinging from an emitter of radius Rj, = R2 onto a receiver 
of radius R,¢- = R, with fixed H is equal to 
a, RB 

iy RB (1.60) 

Consequently, it suffices to have the values @ for R2/R, < 1 or vice versa. The 

dependence & (h, k.) is shown in figure 1.14. Where h > ov, equations (1.56) 

and (1.57) reduce to 
. zz isotropic source 
w= (1.61) 


7z cosine source 


The values @*°° for several values of the parameters a and 6 are shown in 
reference [188] °. 

In some cases, of practical interest, it is essential to calculate w**° for sources 
distributed over the internal surface of a cylinder. Here it is assumed that the 
receiver takes the form of a coaxial disc, the radius of which is no greater than 
the radius of the cylinder. The problem is solved for an isotropic source in 
reference [188] and for a cosine source in reference [6]. 





5See appendix, table A2. 
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Figure 1.14: Relative luminous fluxes for a source and receiver arranged as 
coaxial discs. Solid lines are for an isotropic source; dotted and dashed lines are 
for a cosine source; The numbers on the curves are the values of k. = Ri/Ro. 
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The passage of light along a pipe has been well understood for many years. In 
1870 Tyndall demonstrated the transmission of light by means of total internal 
reflection along a stream of water and along glass rods while in 1888 Chikolev 
proposed the transmission of light along specularly reflecting tubes, however, 
such specular lightguides found no wide application until the 1950s. 

In 1951 Van Heel and Kapany demonstrated that it was possible to transmit 
an image along a bundle of regularly arranged fibres and a new branch of 
optics was born: fibre optics. In the 1960s this field developed rapidly and 
was widely applied in many areas of science and technology. A large number 
of publications and surveys (see, for example, the monographs [310, 163, 185]) 
have been dedicated to the study of the properties of bundles of fibres and their 
ability to transmit images without aberration. Simultaneously, as scintillation 
techniques were developed, there was an increase in the use of and research into 
lightguides for scintillation counters. 

A number of problems in fibre optics are analogous to problems encountered 
in the development of scintillator detectors. The principal difference is that that 
the transmission of light from a scintillator does not require the transmission of 
an image; often, on the contrary, it is preferable to distribute the luminous flux 
of a single scintillation across the whole surface of the receiver as uniformly as 
possible. Furthermore, larger transmittances than those obtainable from fibre 
optics are required. Scintillation light is isotropic, that is, it radiates over a 
solid angle of 47 steradians. The aperture angle of the transmitting system, 
that is the lightguide, must approximate as far as possible 90°. Scintillator 
emits a divergent luminous flux. Without focusing this flux, the lightguide 
should transmit it with as little loss as possible. The luminous flux emerging 
from the lightguide is greater than the direct flux striking the exit end because 
some of the light rays striking the lightguide walls are directed towards the 
exit by various possible types of reflection. The input and output surfaces of a 
lightguide are usually plane surfaces and are respectively called the entry and 
exit apertures. 

Lightguides can be solid (possibly liquid filled) or hollow (air lightguides). In 
the case of solid lightguides, the use of optical contact at the detector—lightguide 
and lightguide—photomultiplier interfaces enhances the luminous flux striking 
the photomultiplier photocathode. The combination of this with the superior- 
ity of total internal reflection over other kinds of reflection gives solid lightguides 
considerable advantage over air lightguides. The material used for a solid light- 
guide must have a low absorption coefficient over the spectral response of the 
scintillation detector, it must be homogeneous and must not scatter the light 
passing through it. Moreover, it must not luminesce under the influence of the 
radiation detected or conveyed by it. Solid lightguides are normally fabricated 
from transparent plastics © and glasses, though liquids in containers made from 
transparent plastic or glass have also been used. 

In certain situations hollow air lightguides are used instead of solid light- 
guides and these have several advantages. They are considerably simpler to 
fabricate. Cherenkov pulses produced in the lightguide are eliminated. In the 
case of laminar scintillators the light collection is more uniform [36]. Hollow 
lightguides are inherently much lighter than their solid equivalents which is often 
an important consideration [151]. 





®Information on the fabrication of plastic lightguides can be found in reference [250]. 
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Lightguides are used in scintillation detectors to provide light collection in 
the following situations: 

1. In the measurement of ionizing radiation it may be necessary to separate 
the photomultiplier and its associated recording equipment from the scintillator. 
This can arise if the detection is carried out in hostile conditions, such as a 
high pressure environment or a vacuum or in intense or varying magnetic fields 
[220], or under conditions of high or low temperature [240, 86, 257], etc. 
The photomultiplier may need to be protected from the direct influence of the 
detected radiation, which might produce spurious pulses in it [306]. A lightguide 
can be used to isolate the scintillator from the ionizing radiation caused by the 
presence of the isotope *°K in the glass of the photomultiplier envelope [210]. 

In the measurement of low energy radiation, it may be necessary to reduce 
the thermal noise in the photomultiplier by refrigerating it but without cool- 
ing the scintillator to any extent [248]. In certain medical and physiological 
investigations there is a requirement to operate detectors within body cavities 
[142]. 

2. The photocathode responsivity, especially in the case of large diameter 
photomultipliers, varies across the surface. A method of rendering the signal am- 
plitudes uniform is to average the flashes over the photocathode with lightguides 
which distribute the scintillation light over the whole of their output aperture, 
so that the illumination of the receiver is uniform and the amplitude of the sig- 
nal is relatively independent of the position of the flash [173, 211]. Lightguides 
specifically designed for this purpose are described as “mixing” lightguides. 

3. Commonly the non-uniformity of light collection from a scintillator is 
caused by direct light traveling over different path lengths from different points 
in the scintillator to the receiver. In such cases the non-uniformity can be 
reduced by using an equalizing lightguide. 

4. In certain detector designs, the source of light (the output window of the 
scintillator) and the receiver (the photomultiplier photocathode) have different 
shapes. In these cases a coupling lightguide of a complex configuration is used. 

5. If the scintillator has a larger output window than the photocathode, a 
concentrating lightguide is required. 

The first three situations may be resolved with the help of constant cross- 
section lightguides, though expanding lightguides provide greater transmission. 

The fourth situation requires either constant cross-section or reducing aper- 
ture lightguides, while the fifth situation, by definition, presupposes reducing 
light guides. 

Depending on the purpose, the lightguides can be specified by their sizes, 
shape, material and type of reflection on the side surfaces. In all cases the 
important problem is that of maximizing the transmission of light from the 
scintillator to the photomultiplier photocathode. A fundamental characteristic 
of lightguides used to couple a scintillator with a photomultiplier is the light 
transmittance 7 — the ratio of the luminous flux leaving the lightguide to the 
flux entering it. Usually an attempt is made to minimize the variance W,; 
over all points of the input aperture of the lightguide. This can be found from 
equations (1.13) and (1.16), replacing the unit volume dV with the unit area 
dS. Note that as dS = 2mr dr, the transmission of the peripheral areas is of 
major importance for lightguides of circular cross section. 

As has been indicated, with photocathodes of variable responsivity it is im- 
portant for the scintillation flash to uniformly illuminate the photocathode. The 
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effect is characterized by the contribution of the photocathode non-uniformity 
to the spectrometer resolution. It is determined as much by the photocathode 
non-uniformity as by the lightguide characteristics. 

The values 7 and W, are determined by the following factors: 


1. 


9. 


the ratio of the cross sections S; and S2 of the input and output apertures 
of the lightguide; 


. the shape of the lightguide; 


the length of the lightguide L; 


the radius of the lightguide R for cylindrical lightguides or the sides 2a, 
and 2b, for rectangular cross section lightguides; 


. the reflection conditions on the side surface of the lightguide and the values 


of the reflectance r; 
the refractive index n of the lightguide material; 
the light absorption coefficient K of the lightguide material; 


the conditions of reflection and refraction at the input and output of the 
light guide; 


the angular distribution of light at the entry into the lightguide. 


This list shows the link between lightguide characteristics and scintillator char- 
acteristics. Indeed, points 5, 6, 7 and, to an extent, point 8 depend on the 
wavelength emitted by the scintillator, while point 9 depends on the scintillator 
shape, its refractive index and type of packaging. 

Lightguides utilize all the types of reflection described in section 1.5.2. 

In the current section the lightguide transverse cross section is presented as 
the basis of classification. Lightguides can be classified in greater detail by this 
shape and the reflection conditions on the side surfaces. 
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Chapter 2 


Expanding Lightguides 


2.1 Calculation of Lightguides Shaped as Solids 
of Rotation 


Expanding lightguides are primarily used to change the angular structure of a 
beam of scintillation light, reducing its angle of divergence from 27 to a smaller 
value with negligible reduction of luminous flux. As will be demonstrated be- 
low, this type of conversion increases the transmittance of light through the 
light guide. 

From Straubel’s theorem (see section 1.5.4) it is clear that the aperture angle 
of a constant luminous flux can be reduced by increasing the cross-section of 
the ray bundle. So, to reduce the divergence of a beam, it is sufficient to use an 
expanding lightguide. Expanding lightguides are mainly intended for the input 
of light from a scintillator to a cylindrical constant section lightguide employing 
total internal reflection. As will be shown below, this type of lightguide can 
transmit rays within an aperture angle uj = (17/2) — +. 

Following Straubel’s theorem, to transform a beam occupying a half-space 
to an aperture angle (7/2) — y the following ratio of radii is required: 





) R21 


T 7 
Rysin-==R sin (7 — —_—= 
2 . t Ry cos Y 


2 
For n = 1.5, Ro/R1 = 1.33, which is the lower limit for the ratio of the radii. 

This type of lightguide can also be used for the distribution of light from a 
scintillator (usually thin) over the full area of the photocathode. Such “mix- 
ing” eliminates the contribution of the photocathode non-uniformities to the 
resolution of a scintillation spectrometer. 

Usually, so-called light collecting heads are used as expanding lightguides or 
critical angle light collectors which have the characteristic that any ray from 
the scintillator striking the side surface of the light collector is subject to total 
internal reflection. Clearly the greater the maximum diameter of such light 
collectors, the easier it is to solve the stated problem and, consequently, find the 
least solid of rotation (of the maximum diameter). This problem was solved in 
references [285, 114]. The equation of a curve in polar coordinates (figure 2.1) 


p= 2R, exp (=) (2.1) 
n2—1 
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Figure 2.1: Diagram of a critical angle light collector with input end R,; and 
output Rz (solid line) or R2’ (broken line). 


serves as the equation of a logarithmic spiral. 
Using the greatest spiral cross-section [285] the ratio of the radii is given by 


foe 
ey ree Gees =) = (2.2) 


Rion Vn? —1 





When n = 1.5, Ro/R, * 2.2 (see figure 2.1). 

Gerholm [114] used a section of this spiral resulting in a ratio between the 
input and output radii for n = 1.5 of 1.5 (see figure 2.1). 

If it is only limited by convex surfaces (with the exception of the construction 
shown by the dotted line in figure 2.1), so that for n = 1.5 where R2/R, > 2.2, 
expanding lightguides and other types such as parabolic or conical guides can 
be used. Conversely, given a ratio of radii, a critical angle lightguides provide 
greater transmission. This difference can be reduced by using an additional 
external reflector. 


2.2 Experimental Data 


Several authors have demonstrated (see, for example [193]) that lightguides 
utilizing critical angle reflection are sensitive to the production quality of the 
surfaces and their subsequent treatment. Careful polishing of the surface en- 
ables an approach to the theoretical maximum transmission of luminous flux 
to be made (ignoring bulk absorption in the lightguide material). Tove [285] 
successfully designed lightguides which achieved a light transmission of 85%. 
Experiments performed by Matveeva [192] compared the transmission of scin- 
tillation light from an a-particle irradiated 20mm diameter CsI(T1) crystal, to 
a lightguide of 40mm diameter with and without the use of a light collecting 
head. It was concluded that the head transmitted 75% of the light that entered 
it. 

The effectiveness of light collecting heads of varying designs (figure 2.2) was 
investigated by Harris and Bell [141]. Note that covering of the light collector 
with a reflector (avoiding optical contact) increased the signal by several percent. 
This can be explained by defects in the shaping. Transmission amounted to 70— 
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Figure 2.2: Types of light collector and their transmission [141]: 1 — paint 
based on aluminium oxide and sodium silicate; 2 — polished side of 12.54m thick 
aluminium foil; 3 — diffuse side of the same foil; 4 — diffuse side of standard foil 
5m thick. (Omission of symbol means no covering.) 


80%!. 

It is worth noting that in investigations based on a detector, light-collector 
and photomultiplier, no essential difference in transmission was revealed be- 
tween conical light collectors and those using critical angles. However, in the 
case of systems with an additional cylindrical-lightguide, critical angle light col- 
lectors provided approximately 20% higher transmission. This can apparently 
be explained by the fact that the latter give a beam with a lower average aper- 
ture angle. In practice, both conical light collectors [98] and critical angle light 
collectors are used [220]. A comparison of light collectors of different types was 
also performed by Greupner [133]. 

Critical angle light collectors have been used for light collection from a thin 
scintillator onto a photocathode. However, light emitted through the large face 
of the scintillator was also used [245, 251]. Consequently, these systems, strictly 
speaking, should not be considered with lightguides. 

Among different forms of expanding lightguides, ellipsoidal elements and 
solids shaped like pencils have been investigated [100], the former providing 
superior transmission. 





1One of the explanations of this reduction may lie in the following: several types of photo- 
multiplier photocathodes have greater responsivity to light impinging at large angles. As ex- 
panding lightguides reduce the aperture angle, the photocathode responsivity and the counter 
output signal are reduced. [271, 285, 175] 
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Chapter 3 


Constant Section 
Lightguides 


Constant section lightguides are used where the area of the source (the scin- 
tillator) is equal to that of the receiver (the photocathode). There are two 
possibilities: 1) the cross-sectional shape is unchanged; 2) the shape of the 
beam must be transformed. 

Lightguides of constant cross-sectional shape are most commonly cylindri- 
cal, corresponding to the shape of the photomultiplier cathode. More rarely, 
rectangular cross-section lightguides are used, coupling parallelepiped shaped 
scintillators to several photomultipliers. 

Lightguides with changing cross-sectional shape are most commonly used for 
the transformation of a rectangular cross-section beam into circular cross-section 
beam. 

Garwin [108] showed that, in principle, constant section lightguides can com- 
pletely transmit the luminous flux without losses. This is, in practice, limited 
by the reflection and absorption coefficients of the materials used. 

As shown in chapter 1, light collection in scintillators, specifically constant 
section scintillators, can be represented as the sum total of the light transmission 
processes from the point of scintillation to the receiver through a lightguide (see 
figure 1.3). If the rays which initially shone from the point of origin in a direction 
away from the receiver and cannot impinge onto the receiver, (are collected?) 
then such scintillator-lightguides are sometimes called active lightguides [163]. 

Scintillating plastic fibres have been used in many experiments, primarily in 
scintillation chambers (see for example [237]), their performance as lightguides 
being crucially important in this application. 

To investigate certain of the characteristics of scintillators, particularly plas- 
tics, their performance as lightguides are examined. 


3.1 Cylindrical Lightguides with Specular Re- 
flection 


Following the initial studies of Timmerhaus [276], the transmission of light 
through cylindrical lightguides has been investigated by many authors [285, 
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114, 192, 141, 96, 88, 169]. However, most of these references are presented in 
such a way that their results are of an instrumental character and cannot be 
used for deriving general relations, largely because data is not given for one or 
more of the factors enumerated on page 39. Nonetheless, these references can 
be used for the comparison of calculations with experiments if the unknown 
quantities are estimated. 

Consider a lightguide shaped as a circular cylinder with a perfectly smooth 
surface of radius R and length L, the dimensions of the cylinder being large 
enough for geometrical optics to be applicable. The values n,p and K are 
taken as independent of the wavelength of the light (or monochromatic light 
is used). A point source is situated axially and the luminous flux it emits in 
solid angle 27 (a hemisphere) is taken as unity. Transmission with differing 
angular distributions of light entering the lightguide from the scintillator will 
be examined. 


3.1.1 Lightguides with Metallic Reflection 


Lightguides of this type can be made from (1) metal tubes, internally polished; 
(2) transparent rods (or tubes), externally aluminized or covered with foil in 
optical contact. In the second case bulk absorption in the lightguide must be 
taken into consideration. 

References [70, 76, 177, 209, 208, 308] describe transmission calculations 
of such lightguides. In references [70, 209, 208] various methods of numerical 
calculations are used. Reference [177] gives an analytical solution for a paraxial 
beam. In reference [76] an analytical method of calculation of transmission 
without specified restriction is given on the assumption that the absorption of 
light on the walls is low, so that 


\Inp| =|nQ—a)|xa<l. (3.1) 


Source on the axis of the lightguide 


The transmittance can be computed using the specular image method [76]. 
Consider the luminous fluxes F), Fo,..., Fm, striking the end of the cylinder 
after single, double, ..., m-fold reflections. There is also a flux striking the end 
directly from the source without reflection (figure 3.1). The total flux striking 
the end of the cylinder gives the transmittance of the lightguide: 


T= ye Tan (3.2) 
m=0 
For an isotropic source: 
va KL 
Te = pt i. exp (-=) sinu du (3.3) 
Um—1 

(2m + 1) L 
t = : l=— 3.4 
anu i R (3.4) 
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Figure 3.1: The ray paths in a lightguide with specular walls. 


pagesa Consider a lightguide made from a non-absorbing material (K=0); under this 
2 assumption: 


180 


T° = 1—cosug (3.5) 

i 1 iL 
eC: ye). 

For small values of | the series for 738° rapidly converges and numerical calcu- 


lation poses no difficulties. When / >> 1 an approximate solution is possible. 
For 2m > 1, after simple operations: 


iso __ .m 2 4 = 
T,2° = p' (COS Um—1 — COS Um) = P 








A4mlp™ 
i? pe — (3.7) 
(1? + 4m?) 2 
When m > 3,1 > 3, the error does not exceed 5%. Assuming that equa- 
tion (3.7) is valid from m = 3 onwards: 


78? = m2 + S(I,p) (3.8) 
4 * 
To2 = y Te (3.9) 
m=0 


= 4mlp™ 
S(l,p)= >_> Padmi (3.10) 


m=3 


Replacing the sum by an integral 


4mlp™ 


S(1, p) =| ens dm (3.11) 


and defining 


2m 6 ayl 
oar : m= 73 a1 = |Inpl; c= (3.12) 
we find 
zexp(—cz) 
S(l, - (Ce dz 3.13 
(ie) = [Ps (3.13) 
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Figure 3.2: Universal graph for the determination of the transmission of light- 
guides with metallic reflection. Sources: 1 — isotropic; 2 — cosine; curves 3 — 6 — 
contribution of external reflection to the transmission of a lightguide employing 


total internal reflection (n = 1.5). Axial source; 3 — isotropic; 4 — cosine. Dis- 
tributed source; 5 — isotropic; 6 — cosine. 


Details of the calculation of $*%°(1, 9) can be found in reference [76]. 
For 0 < c < 5, the transmittance can be computed to an accuracy of 7% 
10 using the graph shown in figure 3.2. Having defined the quantity a, for the 
reflector being used, c is found for the given 1, while the value 7*°° is found from 
is the graph. 


For large J, (i > 2) , the transmittance can be expressed by the approxi- 
mate formula: 


180 1 5 2 A 
let E (1 p+ 3°) +5 (3.14) 


1 





16 


For a cosine radiator and a lightguide with zero bulk absorption (K=0), 
similarly to equations (3.5-3.14), we find [76]: 


76°S = 1— cos? ug = sin” ug (3.15) 
2 
= 0 r+ S"(Lp) (3.16) 
m=0 
S’ (1, p) 2 f reece d (3.17) 
= sa :« dz é 


20 


1 3 1 
78 — — 114 89-+ 16p? + 8p? (— + 5 -9 (3.18) 
[2 ay ay 
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In a similar way to the isotropic radiator, for 0 < c < 5, it is possible to produce 
a universal graph 7°°*(c) (comparable with figure 3.2). 

Consider a lightguide with absorption (K 4 0); designating the absorption 
coefficient k, 2ke =c,. Then from equation (3.3), similarly to (3.8) and (3.13) 
we find 


2 
= >> rit? + Wil, 9, k) (3.19) 
m=0 


480 


where 7° is found from expression (3.3) while 


Wil, p,k) = fe = ew) 


20 





dz (3.20) 


(The detailed derivation of equation (3.20) can be found in reference [76]). The 
solution for a cosine source can be computed similarly. 


Distributed and axially displaced sources 


When this type of lightguide is used for the transmission of scintillation light, 
the light source usually fills the input aperture of the lightguide. In addition to 
meridional rays, which traverse the axis of the lightguide, there are also skew 
rays which do not traverse the axis. These skew rays carry most of the energy 
along the lightguide and move within the lightguide along a spiral path. Using 
this construction, Veinberg and Sattarov [310] found that for a non-meridional 
(skew) ray the number of reflections m is larger than the number m(0) for a 
meridional ray, and the ratio m/m(0) can be expressed with the formula 
m 1 

WO) = laa (3.21) 
where a is the relative radius of a cylinder tangent to the skew rays (expressed 
as a fraction of the lightguide radius). The authors of reference [208] found for 
an average path (along the lightguide axis) of a non-central ray between two 
reflections the value 8/37 less than that of a meridional ray. Correspondingly the 
average number of the reflections for rays from a source distributed across the 
entire lightguide input aperture is 37/8 = 1.18 times greater than for a source 
consisting of points on the lightguide axis. They found the transmittance, 77°*, 
using numerical integration, however, it is possible to find it exactly by “the 
same analytical methods that have been used for an axial source. For this, the 
concept of the “effective length” of a lightguide lep¢ = 1.181 for a distributed 
source is introduced. Then 





7 (lest) = Tall) (3.22) 


Here j is replaced by iso or cos, according to the type of source. 

Using equations (3.8) to (3.18) it is possible to find the transmission for a 
lightguide of length lez¢ = 1.181. Comparing calculations made with figure 3.2 
(assuming Ccery = 1.18c) to the data from [169, 308] shows satisfactory agree- 
ment. 

A comparison of the calculations of transmission of lightguides with metallic 
reflection with the experimental data was carried out by Varin [306], using 
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50 Constant Section Lightguides 


a scintillation detector designed for X-Ray dosimetry. Good agreement with 
equation (3.14) was found. 

When normalizing the transmittance of a hollow lightguide, the signal from 
the scintillator fed directly onto the photocathode, with no optical contact with 
the receiver, should be taken as unity. 


3.1.2 Lightguides with Total Internal Reflection 


Practically all materials used for solid lightguides! have a refractive index close 
to 1.5 at 4 = 400nm and this value will be used for subsequent estimates. 
Absorption in the lightguide is determined by the coefficient of bulk absorption 
K giving the optical density, 6, a direct measure of the absorptive losses: 


L 
P R 


The symmetrical case 


Scintillators avoiding optical contact with the lightguide are used in specific 
cases. An example of this situation is the use of a scintillator at temperatures 
where the coupling of a scintillator and a lightguide in optical contact is diffi- 
cult or a simple system for recoupling a lightguide to a scintillator is desirable. 
Scintillation detectors having no optical contact with the output window are 
used in equipment intended for operation over a wide range of temperatures 
and high mechanical loadings [294]. Clearly, here optical contact between the 
output window of a detector and a lightguide has little influence on the magni- 
tude of the signal of the photomultiplier as it only eliminates losses to Fresnel 
reflection at the interfaces. The same is also true for devices where the scin- 
tillator is in optical contact with the lightguide but there is no optical contact 
between the lightguide and the photocathode. All these cases can be considered 
as lightguides with no optical contact. 

As an example, let a scintillator of refractive index no be coupled without 
optical contact to a lightguide of refractive index n (figure 3.3). The rays which 
emerge from the scintillator within the angle yo = sin~! a enter the lightguide 
in a cone of aperture angle uy: 


um =sin 4 (= sin 7) =%. (3.23) 


The minimum angle of incidence of rays onto the walls is 1 = (7/2) —y. Where 

n > 2/2 = 1.414 it exceeds the angle of total internal reflection y on the side 
surface. 

Consequently, light cannot escape through the side walls of the lightguide 
and impinges onto its base. Note that even when reflected, the angle between 
the ray and the plane of the exit end does not change. In as far as the angle 
of incidence with the base of the lightguide is w < uj, then (limited by Fresnel 
reflection) all the rays leave the lightguide onto the photocathode. In this case 
(ignoring light absorption in the lightguide) the transmittance is unity (with 
respect to the light entering the lightguide). If a scintillator possesses the same 
refractive index n as the lightguide and is coupled to it in optical contact, or 





1 With the exception of lightguides made from single crystals of Nal. 
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Figure 3.3: Passage of rays in a lightguide with total internal reflection (axial 
source). 

a — scintillator; b — lightguide; c — photomultiplier; d — external reflector. 

If the lightguide is in optical contact along the line AB: rays 1, 2 and 3 strike 
the photomultiplier, ray 4 escapes from the lightguide. 

If the lightguide is not in optical contact, externally reflected ray 4’ does not 
strike the photomultiplier. 
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scintillation light is generated in the lightguide, the output of light through the 
output end of the lightguide (not having optical contact with the photocathode) 
37 is limited by a cone of vertex angle 2y. Consequently, for a lightguide with no 
optical contact the angle uy = y = sin7'1 /n appears as the aperture angle, 
while being dependent on the position of the source in the plane of the input 
ao window of the lightguide. For any point source the ray bundle represents a 
page oo Circular cone with its axis parallel to the axis of the lightguide. 
Considering lightguides in optical contact, the presence of optical contact at 
the interfaces between the scintillator—lightguide and the lightguide-photocathode 
3 being assumed. Let the source S be located on the axis of the lightguide (see 
4 figure 3.3). The angle of total internal reflection on the base surface of the 
lightguide begins to limit the beam at a height of the lightguide higher than 
6 the critical height (.,;,. In this manner the ray bundle also presents in this 
case a symmetrical circular cone, the axis of which coincides with the axis of 
the lightguide, while the aperture angle uj, is defined as 





uo = cot *(1), Reis 
UM = (3.24) 
Uecrit = cos” *(1/n) = - en I> lorit} 
Leri 2s 
lerit = e = cot! (uerit)- (3.25) 
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Defining the transmission of lightguides with total internal reflection and 
with absorption (omitting calculation of Fresnel reflection) for a source located 
3 in optical contact with a lightguide. In correspondence with equations (3.2) and 
(3.3) we find 


uM 
Tage = 2 / j(u) sin uexp(—6 sec wu) du. (3.26) 
0 


« here j(u) — the luminous intensity of the source, is standardized to unity over 
s the solid angle 27. 
The integration of expression (3.26) for isotropic and cosine sources under 
various conditions of contact with the receiver leads to the results shown in 
13s table 3.1 [76]. 
The use of the formulae for 6 < 1 leads to error less than 1% where 8 < 
ir l,uw = 41°. The values v; — of the mean secant for the interval [0, uaz] can be 
derived from figure 3.4; Ei(—x) is the exponential integral function, tabulated, 
21 for example, in reference [159]. 


Distributed and axially displaced sources 
27 


The computation of light transmission in fibre optics (curved rays) and in scintil- 
sz _ lating fibres is similar to that of light transmission in a cylinder. For both cases 
3s 1 10°-10* [310, 163], however, in fibre optic work only the mean transmis- 
35 sion is of interest [309, 225, 312], while in the use of lightguides in scintillation 
3s__ technology the radial dependence of the transmittance is important. 

Veinberg and Sattarov (308, 309] and Potter and Hopkins [226] describe com- 
puter simulations of the transmission of fibres illuminated by an external cosine 
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param. Isotropic source 7 = 1s0 Cosine source j = cos 
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Where £ small (3 « 1) 
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Toit TOK exp(—V; B) 
J si 2 
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Lightguide optical contact (OC) conditions 
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Table 3.1: Transmission by a lightguide with total internal reflection. 


source. Ankenbrant and Lent [15] defined the fraction of the flux L, = 1/n? 
escaping through the side wall of a cylinder where there is uniform illumination 
(see section 6.1). Clearly, in the case of complete optical contact of the cylinder 


with the receiver 1 1 
T=1— 7 =1— 7 = c08" 7. (3.27) 
Data on the radial dependence of the transmittance of such lightguides can 
be found by means of a simple transformation of the formula for “trapped light” 
(see section 6.1) in polished cylinders derived by Brini [54]. 


The transmittance is found to be 


7 (1 2orn2Q\3 
r=1 ec: eae 2)” 3. (3.28) 
(1—@? sin? 0)? 





Reference [102] describes the computer calculation of 7(a) for various n un- 
der conditions of complete optical contact of the lightguide with the receiver. 
(Clearly the value of most practical value occurs for n = 1.5.) 

The transmittance of a lightguide for a source displaced relative to the axis 
is considered in reference [216]. The reduced length of the lightguide is taken as 
1 > 2tany, y = sin7'1/n. Here, all rays which are totally internally reflected 
by the side wall of the lightguide reach the photocathode. An expression was 
found for a solid angle, dependent on a,7y and y, integration being performed 
along the azimuth angle y. 





?An analogous expression is found in reference [309]. 
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Figure 3.4: Dependence of the mean secant of the vertex angle on the aperture 
angle. Sources: 1 — isotropic; 2 — cosine. 


Two cases should be distinguished: a < siny and a > sin. In the first case 
(figure 3.5a) the part of the side surface of the cylinder through which light can 
escape, constitutes a circular area. In the second case (see figure 3.5b) the 
escape area breaks up into two parts. 

For an isotropic source the dependence r(a) was found (figure 3.6, curve 1) 
by means of numerical integration over the solid angle, while the angle y changes 
within the limits (0,27) where a < siny and (y,,7— 1) and (y2,7— ye) where 
a>siny. 

Note that in both cases the ray bundle does not possess axial symmetry. 

As can be seen from figure 3.6, the transmission of this type of lightguide 
is non-uniform over the area of the input end and 7**° increases towards the 
edge of the lightguide. Because of this the mean transmission of a disc shaped 
distributed source of radius rsource < R is higher than the transmission for an 
axial point source. The dependence 7/5°(b), 6 = rsource/R can be calculated 
using the formula 


75° (b) = 2 | rie?(a)a da. (3.29) 


For n = 1.5 this is shown in figure 3.6. A similar calculation for the cosine source 
leads to the dependencies 75°*(a) and 75°*(b), also represented in figure 3.6. 

Henceforth, where b = 1, that is the source is the same diameter as the light- 
guide, r/(b) is designated 73 and r/(0) as r/. Note that the value 7/°° for n = 1.5 
(figure 3.6) corresponds to the value defined according to equation (3.27). 

Clearly, the use of this type of lightguide, apart from the attenuation of the 
signal, introduces scattering because of the non-uniformity of transmission. The 
data of figure 3.6 allow us to calculate the non-uniformity. With an isotropic 
source this to an extent defines the fine resolution of the counter. 

The exact solution of the problem of transmission of light from a distributed 
source (b < 1) for a lightguide with absorption is problematic, however, for 


8 which are not too large (3 < 1) the following approximate method for the 


3.1 Cylindrical Lightguides with Specular Reflection 55 





NY 
| Psy 





Figure 3.5: The passage of light in a lightguide: (a) — for a < siny; (b) — for 
a>siny. The part of the side wall through which the light escapes is shaded. 
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Figure 3.6: The passage of light in a lightguide with n = 1.5 

(a) — displacement of a point source 

(b) — diameter of a disc shaped distributed source. 

Isotropic source: (1) — 7§8°(a) (2) — 788°(b) (3) — Aar() (4) = Viso(d) 
Cosine source: (5) — 7§°°(a) (6) — 7§°°(b) 
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calculation of the dependence r(a, 3) can be used. A ray bundle which possesses 
a complex form (see figure 3.5), can be replaced by an equivalent cone with its 
tip on the axis and aperture angle 6 ;, such that the luminous flux from the 
central source contained within this cone is equal to the real flux from a displaced 
source. In correspondence with table 3.1 we find 


cos” '[1 — 748°(a)] (isotropic source); 
bytay= (3.30) 
sin T§°* (a) (cosine source); 


T(a, B) = To(a) exp(—v; 8). (3.31) 
Here v;(a) depends on the type of source and is defined according to the 
formulae of table 3.1 with the alteration of the angle ujz to O4(a), where 044 (a) 
is defined by equations (3.30). The relative error of equation (3.31) is less than 
3(¥j8)?. 
The expression for the transmittance for a distributed source can be similarly 
derived: 
7(b, B) = 79 (b) exp(—j8), 
while @,7(b) and vp; are defined as O,s(a) and v;(a), having changed 7 (a) to 
To(b). vp»; and 0;¢(b) where b = 1 are designated below as 7;, 9. The depen- 
dencies @y4(b) and 1;5.(b) for an isotropic source are shown in figure 3.6. 
Several characteristics of transmission for isotropic and cosine sources where 
n = 1.5 are cited below. 


To TOp Top/To V; OTM W, 


isotropic 0.33 0.55 1.51 1.45 0.30 0.08 
cosine 0.56 0.77 1.38 1.38 0.16 0.045 


In some situations it is important to consider the effect of a bend in a light- 
guide utilizing total internal reflection. The reduction of transmission intro- 
duced by a bend is discussed in monographs [163, 185, 310], and also in refer- 
ence [183]. Studies show that the transmittance is more sensitive to bends, the 
greater is the aperture angle. 

In a lightguide employing total internal reflection (n = 1.5) and with an 
axial source a significant reduction in 7 begins where the ratio of the radius 
of curvature R, to the radius of the lightguide R is less than 10 and with a 
distributed source where R,/R is somewhat greater. 


Experimental data 


The earliest scintillation counters employed photomultipliers with an internal 
photocathode, consequently the scintillator could not be in optical contact. If 
the scintillator was used with a lightguide, this too could not have contact 
with the photocathode. Hence, irrespective of the presence of optical contact 
between the scintillator and the lightguide, the system operated as a lightguide 
without optical contact. Lightguides having no optical contact have been used 
subsequently, when the maintenance of optical contact with the lightguide is 
difficult for the reasons indicated on page 50. 

The absorption coefficients of non-scintillating materials can be measured 
by having lightguides of different lengths made from each test material couple 
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a scintillator to a photomultiplier without optical contact. The diameter of 
the detector is unimportant in that such lightguides do not have radial non- 
uniformity of transmission. During analysis of the measurements it is essential 
to account for the fact that the mean light path is greater than the length of 
the lightguide. The value K which is derived depends both on the scintillator 
used and the type of photocathode (see equation (1.48)). 

Scintillators (commonly those made of plastic) shaped as cylindrical light- 
guides having no optical contact are used to evaluate the self absorption coeffi- 
cient of scintillation light in specific scintillating materials. The advantages of 
using lightguide-scintillators without optical contact are: 


a) there is no radial dependence of the transmittance; 


b) reflection from the end remote from the photomultiplier does not occur in 
practice 3; 


c) they are less sensitive to surface defects in the side walls because of the 
smaller aperture angle of transmission; 


d) the dependence 7(L) does not rise sharply where | < lepit. 


To determine the dependence 7(L) two methods have been used: (1) the trans- 
mission of of different length lightguides was measured, while they were made 
to scintillate by a short range radiation source (a or 3); (2) a single lightguide 
was used in which scintillation was produced in a narrow strip at a variable dis- 
tance from the receiver, using a collimated radiation source. For thin cylinders 
either a 6-source [320] or ultra-violet light [26] were used, while for thicker rods 
excitation by y radiation [290] or muons [38] was used. Measurements intended 
to characterize the material rather than the shape of a lightguide must be made 
using suitably thick cylinders, where the effects of surface defects are minimized. 

In reference [26] the first method was used to study lightguides with small 
L (L < 50mm), while in reference [290] the second method was used for large L 
(ZL > 30mm). In the first method the value of the mean signal from a-particles 
from a 7°°Pu source placed on the end of the lightguide was measured. In 
the second method a collimated source of radiation from °°Co was used. In 
both cases, photomultipliers with an antimony-caesium cathode having roughly 
identical characteristics were used. Initially plastic scintillator samples based 
on polystyrene (2% PTP + 0.1% POPOP) were investigated. The dependence 
7(L) found in references [290, 26] made it possible to determine the values kK (L) 
and K(L). For comparison, using independently determined Ky, S$, and Y,, the 
dependence K(L) was calculated according to equation (1.43). The coincidence 
proved to be satisfactory. Subsequently the second method has been used widely 
for the measurement of absorption coefficients in plastic scintillators of different 
compositions [290, 136]. 

In reference [160] the first method was used for the determination of relative 
light emission and the absorption coefficient of plastic scintillators of various 
types, shaped as 24mm diameter rods. The dependence of the signal on the 
length of the scintillator was investigated. A clear link between the length 
dependence and the spectral responsivity S) (figure 3.7, see also figure 1.6a) 





3The effect of Fresnel reflection from the remote end can be reduced, either by painting it 
with black paint or by cutting the cylinder at an oblique angle [38]. 
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Figure 3.7: Measurement of transmission of plastic scintillators using different 
photomultipliers (according to [160]). 


was shown by an experiment with photomultipliers of various photocathode 
quantum efficiencies. In analyzing experimental data taken from lightguides 
using total internal reflection and optical contact, account should be taken both 
of the angular distribution of the light source (see section 1.3.2) and of the radial 
dependence of transmission. Employing equations (3.30) and (3.31), similar 
references (see, for example, [285, 141]) can be interpreted. Evaluation of the 
values 7(b), according to data from these references, gives results in agreement 
with figure 3.6. 


3.1.3 Lightguides with Total Internal Reflection and Sur- 
face Defects 


Many authors have emphasized the importance of thorough polishing of the 
surfaces of lightguides employing total internal reflection since surface defects 
reduce transmission. This effect is of crucial importance for scintillating fibres, 
in which the value 1 can exceed 10+, however, the effect of surface defects on 
transmission is also evident at smaller /. In reference [48] it was demonstrated 
that in 6mm diameter lightguides of length up to a metre, that is, where 1 ~ 107, 
the attenuation does not depend greatly on the materials used but mainly on 
the surface quality. 

Such lightguides are classed as lightguides employing total internal reflection, 
however, owing to surface defects the angle of incidence can become 7 > y and 
the reflectance at the boundary is p < 1 (a = 1 — p, which is usually very 
small). In addition to the specular component of reflection a diffuse component 
arises and consequently the transmission of the lightguide drops. Hence, the 
transmittance is determined not only by bulk absorption in the material but also 
by losses at the surfaces. In order to construct a high quality system, the relative 
importance of these two effects needs to be known so that if improvements are 
required the dominant effect can be dealt with first. 

Estimation of the influence of surface defects on transmission have been car- 
ried out for glass and plastic fibres, both scintillating and non-scintillating, for 
meridional rays [163, 161, 233] and for a distributed source [310, 309, 225]. Pot- 
ter [225] found expressions for the transmission of light through fibres avoiding 
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optical contact with the receiver, and with incomplete internal reflection due 
to surface defects. The dependence of the transmittance on p and K was cal- 
culated by computer for the transmission of light from an external source by 
glass fibres and scintillating plastic fibres. Analogous work was carried out for 
polystyrene based plastic scintillating fibres [312]. In this and other references 
the dependencies 7(L) for different combinations of K and a were found using 
a computer. They were compared with measured dependencies of 7(L). In this 
fashion the values of K and a for several samples were found. 

One must, however, be aware that the parameters K and a enter into the 
dependence 7(L, K,a) almost equally: the same curve must be found from sev- 
eral combinations of K and a. Because of this such results cannot be considered 
reliable and while the methods used in the cited references are useful for the 
direct problem, namely the determination of 7(L, K,a), they are of doubtful 
utility for the the solution of an inverse problem such as the determination of 
K anda. 

For meridional rays an approximate method of calculating the attenuation of 
light by lightguides is possible by means of a count of incomplete reflections at 
the boundary [136]. The solution of the problem is analogous to the derivation 
of equation (3.13) with the following differences: (1) 


1l-p<1; |lnp|=|mQ-a)| a; (3.32) 


(2) the problem is of interest for large 1, consequently, zo ~ 0; (3) the upper 
limit of integration is determined by the aperture angle uy. 
Consider an isotropic source; assuming 


2M = tan uy = Am, (3.33) 
we may write 
Am uM 
iS / penne dz = / exp(—ctanu) sinwu du, (3.34) 
0 0 
for small c¢ 
T° = (1—cosuy)(1— xu), (3.35) 
where 
= 1 
XM = tanu = =o [In tan (= + *) - sin ua1| : (3.36) 


For a lightguide with no optical contact, uy = y can be assumed in equa- 
tions (3.35) and (3.36). 

For small c, and the calculation of bulk absorption of a lightguide with no 
optical contact, from (3.35) and table 3.1, we find 


XM 
2R 





7*®° — (1 — cosy) exp [1 ab ( f VisoK ) | . (3.37) 


For a source distributed over the area of such a lightguide, assuming Les = 
1.18L, where 8 < 1,c < 1 with no more than 7% error: 


8° — (1 — cosy) exp [-L (0.6.05 + VisoK)] (3.38) 
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For a lightguide in optical contact and an axial source it can be assumed: 
UM = 5 —y: 

The dependence of the type (3.38) can also be found for a lightguide in 
optical contact by the calculation of the non-meridional rays and the use of a well 
known approximation. In this case one can assume (see page 56), introducing 
the equivalent output cone; ujg = 6)4(b) for a distributed source (b = 1) where 
n= 1.5: 

Om = 63°; Top = 0.55; Vigo = 1.45. 


Where 1.56 < 1, c < 0.5 the dependence r(K,«a) can be presented in the 
form 


8° = (1 — cos Oar) exp [—L (0.565 +145K)]. (3.39) 
Equations (3.38) and (3.39) can be written as a single dependence: 


aja 
78° = To; EXP [-1 ( . 





+biK)], aes (3.40) 


where 7 = 1 indicates a lightguide not in optical contact and i = 2 indicates a 
lightguide in optical contact with a distributed source. The values 70;, a;, b; are 
given for n = 1.5. 


Ti ay bj 


with no optical contact 0.125 0.27 1.15 
in optical contact 0.55 0.56 1.45 


These figures are approximate. Losses during reflection are greater for rays 
which undergo a greater number of reflections leading to a reduction of the mean 
aperture angle, further, as noted in reference [102], this effect can reduce the 
radial non-uniformity of transmission. However, for small intervals of magnitude 
SaL an equation of the form (3.40) can be used. 

The dependence of the transmittance on the radius of the lightguide follows 
from equation (3.40). Several authors have noted the reduction of transmis- 
sion with reduction of the radius of a lightguide. The quantitative dependence 
7(R,L) was found by Varin [306] in experiments on 300mm long plexiglas light- 
guides. Taking the dependence 7(R, L) cited in [306], and assuming the con- 
stancy of a gives the values K = 1.0m~! and a = 0.03. 

Experimental dependencies 7(L) for plastic scintillating fibres based on var- 
ious materials have been found [225, 312, 320]. In reference [308] polystyrene 
fibres of diameter 0.5mm and 1.0mm in optical contact with the receiver were 
investigated. The existence of experimental dependencies 7*°°(L) for fibres of 
two diameters made of identical material allowed the derivation of a and Kk 
(assuming that a is the same for both fibres), by expanding equation (3.39) 
over the initial part of the experimental curves. Using these values the depen- 
dence 7*%°(L) can be found according to equation (3.39). A comparison of the 
calculations with the data of reference [312] showed good agreement. 

These examples indicate that equation (3.39) allows a simple solution to the 
direct problem of determining r(a, K, L), and also, when two lightguides of dif- 
ferent radii but made of identical material are available, of the converse problem 
of determining a and K from the experimental dependencies 7(L). The solution 
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of the converse problem can also be achieved with only one lightguide [136]. For 
this, a measurement of transmission, for example by the means described on 
page 57, must unavoidably be performed twice: once with the lightguide having 
no optical contact with the photomultiplier and again in optical contact. Owing 
to the differences in the aperture angle ujz, the coefficients in equation (3.39) 
for both experiments have different values. The logarithmic expressions (3.39) 
give the equations of straight lines, the slopes of which 


A(Inr!8°) aya 
= = b,K =1,2 41 
£1 AL R + Oj, iS, U p93 (3 ) 





are easily determined by plotting the experimental data for T**°(L) on a log-log 
scale. A description of the methodology is given in reference [136]. 


3.1.4 Lightguides Employing both Total Internal Reflec- 
tion and a Metallic Reflector 


These are rods made of a transparent material surrounded by a polished metallic 
surface which avoids optical contact with the lightguide. Consider a source 
lying on the axis of a lightguide and (as if it were a scintillator) having optical 
contact with the lightguide. If the lightguide has no optical contact with the 
photomultiplier, those rays which escape from the lightguide through the side 
surface and, after reflection from the external reflector, impinge onto the output 
end of the lightguide, will be unable to leave the lightguide (see figure 3.3) since 
their angles of incidence with the output end are i > y. Consequently, an ideally 
smooth reflector surrounding but avoiding optical contact with a lightguide 
cannot increase its transmission, so external specular reflectors are only used 
with lightguides in direct optical contact with the receiver. The case | > lerit 
is of practical interest. For a lightguide without absorption (Kk = 0) [76], the 
solution has the form: 


= + HE,0), (3.42) 
where 72,.,,(ri8%,, 70%) are determined from table 3.1. For an isotropic source: 
(6,0) = [ 7PCK) a. 3.43 
(€,¢) = (+ 22372 zy (3.43) 
é 
€ = WMepiz/l & tan Ucrit- (3.44) 


It can be shown that 
exp[—€(0.65 + c)] 








He ~ 0. A 
Br Gea oo 
For a cosine source, similarly to (3.42), we find 
H°°*(€c) =2 )=2 fe EOE) as (3.46) 
1+ 2? 
g 
Approximately 
exp|—€(1.14 
Hes(eu) apg tee) (3.47) 
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The dependence H4(c) for n = 1.5 is depicted in figure 3.2. Comparison with 
an exact calculation according to equations (3.42) and (3.46) shows that where 
0.1 >¢> 1.0 the determination of H’(c) by figure 3.2 gives an error no greater 
than 15% for H? and an error no greater than 7% for 7). 

For an estimation of the contribution of the external reflector for a dis- 
tributed source, as in equation (3.30), an equivalent cone of aperture angle 6y, 
is introduced. In this way, for a distributed source 


Ta a Tecaiss + HH! ts os (3.48) 


where H/(€,c) are expressed by equations (3.45) or (3.47). Note that for a 
distributed source @j¢ > Ucrit, and the values of H? are correspondingly less 
(see figure 3.2). 

Lightguides with total internal reflection and a metallic reflector were inves- 
tigated in reference [141] already cited. The experimental values of 7°°* are in 
agreement with equation (3.47) (where p = 0.8) for the region of 100-120mm. 
For large values of L the experimental results are greater than the computed 
values, which can be explained by the contribution of scattering in the light- 
guide. 

In reference [88] the effect of loosely wrapping lightguides with foil was in- 
vestigated and an increase of transmission of 7-8% was found. Since / was large, 
it is clear that the scattering effect was present in these lightguides. 

These estimations show that an external reflector significantly increases T 
only where / is comparatively small (2 <1 < 10). Note that in this case it also 
reduces the radial non-uniformity of the lightguide transmission. Because of this 
such lightguides can be used in detectors intended for spectrometric applications 
[238]. 
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3.2 Diffusing Lightguides 


3.2.1 Characteristics of Diffusing Lightguides 


Lightguides with diffusely-scattering walls are commonly referred to as diffusing 
lightguides. 

Diffusely reflecting surfaces suitable for lightguides can be produced in a 
number of ways: a) transparent rods can be coated externally with high re- 
flectance paint; b) tubes can be coated internally with similar paint. For solid 
lightguides, K, the bulk absorption coefficient in the lightguide becomes signif- 
icant. 

The scattering of light by the surfaces means that its passage through the 
lightguide is subject to the laws of diffusion and this will be elaborated below. 
There is a finite probability that a photon, reflected by both the side walls and 
the receiver will return to the input end of the lightguide. Because of this the 
transmission of light by a diffusing lightguide depends on the reflectances rj; 
and r2 of its input and output ends respectively (that is the scintillator and 
receiver). 

Comparing the transmission of diffusing lightguides with the transmission 
of specular lightguides of the same length, it should be noted (see figures 1.10 
and 1.12) that for currently available materials, the attainable coefficients of 
diffuse reflection (for 4 =350-600nm) are higher than the attainable specular 
reflectances. 

As will be shown below, diffusing lightguides have high transmission for 
scintillation light for sufficiently small /. Further, the transmittance of diffusing 
lightguides depends little on the radial coordinate of the light source. Because 
of this they have been widely used, both in early experiments and subsequently 
(266, 297]. 


3.2.2. The Calculation of Transmission 


In calculating the light transmission of diffusing lightguides it is useful to dis- 
tinguish two limiting cases: the short lightguide, the length of which, L, is 
comparable with the diameter 2R and the long lightguide, where 1 = L/R > 1. 
The basic difference between these two cases lies in the fact that, for a short 
lightguide, it may be assumed that light impinging the surface of the lightguide, 
after reflections, uniformly illuminates the surface of the radiator — lightguide 
— receiver system. For a long lightguide this assumption is known to be false. 
To determine the transmission of a short lightguide, as is shown by experiment, 
a simple calculation is sufficient, similar to the derivation of the sphere pho- 
tometer equation (see, for example, reference [275]). For the determination of 
the transmittance in long lightguides, a method has been devised, based on the 
concept of photon diffusion [214]. 


Elementary calculation 


The calculation assumes that the radiator (scintillator) located in the plane of 
the input end emits total flux F’. In this derivation, in addition to assumption 
(1), stated above, concerning uniform illumination, the following assumptions 
are made: (2) the ratio f of the area q of the output aperture to the total surface 
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Stor of the system is significantly less than unity; (3) the fraction of reflected 
36 light escaping through the output aperture is proportional to the ratio f. Note 
that assumptions (1) and (3) are strictly correct only for a spherical surface, 
while assumption (2) is not fulfilled completely for cylinders with D = H. 
39 Consequently results found using these assumptions are approximate and only 
page 75 usable to a degree of accuracy over a certain range of J. 
Denoting the flux from the source which escapes directly through the aper- 
ture: 
Po = Fwot, (3.49) 


where wo is the mean probability of a photon, emitted by the source, striking 
the aperture; t is the probability of the non-absorption of light on the mean 
path L between two reflections: 


t = exp(—KL) (3.50) 


The flux ©; which escapes through the aperture after the fraction of light F'— ®o 
is reflected from the internal surface once is 


D, = (F — So)ptf, (3.51) 
where (assuming 7; = p) 


p= rag + Stn St) Sepp nas): (3.52) 
tot 








is Where f <1, pp. Summing the subsequent escaping luminous fluxes, the 
transmittance is found: 





(3.53) 


Equation (3.53) and its manifestations is known as the “progression formula” 
20 or the “sphere photometer equation” (s.p.e.). Where t = 1 


= (1 —wo)of 
a as rs 
=wo(1— 7!) +7; 

7! i eee (3.54) 





~1=(-fp Bete 


24 For an isotropic point source wo is determined by equation (1.55). 
For a radiator filling the input window of a lightguide, w) must be replaced 
with @o, which can be calculated from the formulae or determined from the 
20 graphs for R; = Ro (see section 1.6). Estimation shows that where | + 2 the 
page 76 Values wo and f are close. Assuming t = 1, equation (3.53) becomes 


r= f/[— pl — foe]. (3.55) 


1 Where w < f (that is, when direct light can be disregarded), the sphere 
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photometer equation reduces to its usual form?: 


7 = fp/(1— p). (3.56) 


Formulae of the type (3.53) and (3.55) have been used to estimate the mean 
light yield of a scintillator [170, 167] and also to estimate the non-uniformity 
of light collection in a scintillator [55]. In the majority of cases the direct light 
(wo, @o) was ignored, an invalid simplification for cylindrical lightguides having 
small /. The precision of the simple formula can be improved if assumption (3) 
is abandoned (page 64). The mean relative solid angle w at which the output 
window of the lightguide is visible from points on its surface can be calculated. 
To do this, the dependencies wae (1) for the side surface of the reflector and 
for the upper end Wena(l) (see section 1.6) can be computed for cosine radiation 
and pw found for the entire surface. 


Application of light diffusion theory 


Consider the passage of light through a lightguide, the walls of which reflect 
light diffusely, that is, the probability of the reflection of a photon at angle y to 
the normal into solid angle dw is dw(w), independently of the angle of incidence. 

As light passes through a long lightguide with such walls any single photon is 
reflected many times off the walls, moving both forward and backward along the 
guide. For a specific problem the methods, developed for stochastic problems 
in physics [62], can be employed, which describe the average movement of many 
photons with an equation of diffusion [214] (for more detail, see chapter 10). 
The transverse movement of photons in the lightguide are of no interest so only 
diffusion along the axis of the lightguide will be considered, described by the 
equation 


— Apnp = —S(x); (3.57) 


here Do and A, are the coefficients of diffusion and absorption; n, is the 
volumetric density of photons at distance x from the entry into the lightguide; 
S(a) is the volumetric power of light sources, that is, the luminous flux, emitted 
by the ring element of a wall of length dz within the the enclosed volume 
TR? de. 
The function S(x) is determined by the illuminance € of the lightguide walls 
by the light source and their reflectance p: 





(3.58) 


Disregarding absorption of light in the material of the lightguide, absorption 
will only be considered in reflection from the walls. If the incident photons are 
distributed isotropically, the density of the photon flux (that is, the illuminance 
of the wall) is 4n,(x)c, so unit length of the wall absorbs (1 — p) aoe 2rR 
photons per second; Dividing this quantity into the volume of the layer 7R?, a 


formula is found for the absorption coefficient 


Cc ac 


Ap = (1- Pap = OR! (3.59) 
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here c is the speed of light; a is the absorption coefficient of the lightguide walls. 
As is known, the diffusion coefficient 
2 


Do = =— 
0 Ota’ 


(3.60) 
where V x? is the root mean square displacement of a photon along the axis 
between two consecutive reflections; tg is the mean time between two reflections. 
Calculation of the diffusion coefficient for a cylindrical lightguide, the walls of 
which scatter light according to Lambert’s law [equation(1.38)] gives 


Do = 2Rc/3, (3.61) 


Boundary conditions for equation (3.57) must be formulated for the case 
where both ends of the lightguide are closed by flat plates, on one of which the 
light source is located, while the other forms the detector. The boundary con- 
dition at the input end (a = 0) has the form j,(0) =r; j_(0), where j,(0) and 
j—(0) indicate the photon flux densities in the forward and reflected directions 
of the x-axis at x = 0 and 1 is the reflectance of the input end. Hence the 
boundary condition becomes: 


? (+n) (FE). =i), (3.62) 


At the output end of the lightguide (2 = L), photons which strike it are 
reflected with coefficient rg and direct light from the source jp must also be 
taken into account: j_(L) = re[g+(L) + jo], which becomes 


(1 ra) PDE _ 1 4 rp) 20 (Fe). = raj. (3.63) 


In photometric terms j_ (0) and j;(Z) are the illuminance of the the input 
and output ends; j;(0) and j_(L) are their luminances, determined by the 
reflectance; jo is the illuminance of the output end by direct light from the 
source. An exact solution of equation (3.57) under boundary conditions (3.62) 
and (3.63) for the photon density and the flux onto the output end is somewhat 
complicated, but can be found in reference [214]. Several approximate relations 
for an axial isotropic point source as a function of the parameters are cited 
below 




















A= aal; (3.64) 
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ag = P03 — p) = Se: (3.65) 

— =n) -re) +031 +1r1)(1 +r) 
y= Dag(l = vara) ; (3.66) 

Where A > 1 
5 lh ES 1l-rTr, Qa az 
dP —r 

+[l=ri taa(t +n) S% ee K(,aa)}, (3.67) 





4The sphere photometer equation is usually [275] given as in (3.56), as for photometric 
measurement apparatus f < 1 and precautions are taken against direct light 
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Figure 3.8: Graphs for the determination of ®(a,7r1) in equation (3.69). 
(1) — combined lightguide, r; = 1; (2) — the same, r1; = 0; (3) — diffusing 
lightguide, r, = 1; (4) — the same, r1 = 0. 


where 
d 
ef 
K(\, aa) = | wane (3.68) 
0 


2+ 02)8/2 


Note that where of a sequence of several units diffusing photons play a 
principal role in the luminous flux. Here the luminous flux diminishes as e~* 
in accordance with elementary diffusion theory. For large \(A>10) the flux of 
these photons diminishes as \~*, while the direct flux diminishes as \~? and 
begins to predominate. 

The calculations of diffusing lightguides cited on pages 65-67 relate to an 
axial source. However, in that the radial dependence of diffusing lightguides 
falls quickly with increasing | and decreasing wo [see equation (3.55)], these 
equations can be adapted for the case 13 and for distributed sources. For the 
most important case rg = 0 equation (3.67) can be approximated by: 


T(A) © ®(a,7r1)e™>. (3.69) 


The function ®(a,7r1) is shown in figure 3.8. Approximation (3.69) is correct 
for 2<X< Am, where Am is determined by the equality 


em 2p 

If the volume of the lightguide is filled with a material having absorption 
coefficient K, the effect of bulk absorption can also be treated approximately. 
The calculation of the mean ray path length L between two reflections in the 
lightguide gives [214]: 


b= OR, (3.71) 
Where KR =k <1 the light losses after one reflection are 
a =a+k. (3.72) 
from which, similarly to (3.65), 
3 
ag = 7 (3.73) 
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Figure 3.9: The dependence of the transmittance of a diffusing lightguide on its 
relative length 1: 

curves — calculated; points — experimental where p = 0.75; 

(1) — the elaborated equation (3.38) (changing f to w); (2) — equation (3.38); (3) 
— equation (3.40); (4) — diffusion theory; (5),(6),(7),(8) — the same for p = 0.94. 


3.2.3. Experimental Data 


Data regarding the light transmission of diffusing lightguides can be found in 
references [141, 169]. A detailed investigation of lightguides was undertaken 
in references [214, 295]. A small glass sphere of diameter 5mm, containing a 
luminous compound of constant action served as an isotropic source of light. In 
one of a series of experiments, short lightguides where r; = p were investigated. 
A PTFE tube (p = 0.75) of internal diameter 32mm was used as a lightguide. A 
disc of identical material with the light source mounted directly upon it could be 
moved along the tube. The transmission for various / was measured. The results 
of this experiment are presented in figure 3.9, which . shows the dependence 
of the transmittance, calculated in various approximations according to the 
progression formula and the diffusion theory formulae (r1 = 0.75; ro = 0.10; p = 
0.75). On the same diagram values of 7 are presented, calculated according to 
the progression formula and diffusion theory for r; = p = 0.94; rg = 0.10. 
From figure 3.9 it is evident, that the progression formula, particularly in its 
elaborated form agrees satisfactorily with diffusion theory and with experiment 
for | in the range 0.75-3.5. 

In another series of experiments, in which an investigation was carried out 
for values of | up to 1 = 50, a small luminous sphere was half embedded into 
either a white or black reflecting plate and the two could be moved along the axis 
of the lightguide and so change the length of the lightguide. The photocathode 
of a photomultiplier, used as a constant sink, served as the second end of the 
lightguide. The dependence of light transmission on the length of the lightguide 
were measured up to L = 0.5m. Hollow lightguides of diameter 20-25mm. 
made of drawing paper (p = 0.82), ceramic (p = 0.75), and white painted 
tubes (p = 0.94) were investigated. The reflectance rz of the photomultiplier 


3.2 Diffusing Lightguides 69 





Figure 3.10: Dependence of the transmittance on the length of a painted tube: 
p = 0.94; ro = 0.1; 

(1) — calculation for r; = 0.94; (2) — calculation for r, = 0.024; o — experimental 
for r; = 0.94; e — experimental for r; = 0.024. 


photocathode, according to experimental data found by various methods, lay 
within limits 0.07 — 0.14 and was taken to be 0.1. For the indicated values of 
p,r, and rg and using the exact equations presented in reference [214], Inr(A) 
was computed and compared with experimental data. Figure 3.10 shows this 
for a painted tube (9 = 0.94) and with rj = 0.94 and rp = 0.024. A fit to 
experimental data was performed for those values of A, for which the theory gives 
a good accuracy and where the error in flux measurement by the photomultiplier 
was less than a few percent. 

As can be seen in figure 3.10, the experimental values accord satisfactorily 
with those calculated for a range of X from 0 to 4-5. The graphs of 7(A) for 
other lightguides have similar appearance. For \ > 5 the experimental values 
of the transmittance are significantly greater than the calculated values. 

These results indicate the applicability of diffusion theory for the descrip- 
tion of the passage of light through diffusing lightguides. The theory correctly 
accounts for the effect of the reflectance r; of any reflector in the plane of the 
source. Note that where there is fit to the experimental data for r; = 0.024 
(curve 2 on figure 3.10) the points for r; = 0.94 coincide well with the corre- 
sponding calculated curve up to ’ * 4. 

The difference between calculation and experiment for large lengths (\ > 5) 
can be explained by the fact that here the major contribution to the luminous 
flux is made by rays which have undergone a small number of reflections at large 
angles of incidence and consequently have been little absorbed. The reflection 
of such rays takes place mainly in a specular manner, which is not taken into 
consideration in the calculation (see page 22). Consequently lightguides made 
of materials with sufficiently white walls (9 = 0.9) and sufficiently long (1 > 15) 
give transmission significantly higher than diffusion theory predicts. 

The good agreement of the calculated values of the transmittances of diffus- 
ing lightguides with experimental data over a wide range of parameters allows 
the calculation of a lightguide in the following manner: a scintillation detector 
and a diffusing lightguide (usually with bulk absorption) are present. It is re- 
quired to determine the characteristics of the elements of the system, sufficient 
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Figure 3.11: Transmission of lightguides (arbitrary units) (according to [169]): 
(1) — lightguide and detector employing total internal reflection; (2) — painted 
detector, lightguide with total internal reflection (calculation); (3) — lightguide 
made of painted mylar film; (4) — detector and lucite lightguide, painted with 
white paint; (5) — combined lightguide. 


for the determination of the signal at a given length of the lightguide. As an 
example consider reference [169] previously cited. To investigate the transmis- 
sion of diffusing lightguides a cylindrical plastic scintillator, painted with NE560 
white paint [210], was used. In one series of experiments hollow lightguides 
made of mylar film and painted with identical paint were investigated. The light 
source was not in contact with the receiver. The reflectance r; of the source 
(detector) was close to its light collection coefficient 7. During the construction 
of the apparatus one could measure or calculate it if it is possible to measure 
the signal from a scintillator with no optical contact with the receiver which has 
not been packed (see chapter 7). Analysis suggests that, in these experiments, 
the coefficient 7 was roughly equal to 0.2. Accepting that the reflectance of the 
paint over the emission spectrum of plastic scintillator was p = 0.92, the depen- 
dence V(L) cited in reference [214] can be expressed. Agreement within the 
limits of accuracy of the experiment was satisfactory. In a subsequent series of 
experiments, solid diffusing lightguides were investigated — polished lucite rods 
coated with NE560 paint. Examination of 7(L) shows that 7 reduces signifi- 
cantly slower than equation (3.69) predicts. Clearly, this is a result of the high 
“effective reflectance” of the surface. 


3.2.4 Comparison of Diffusing and Specular Lightguides 


The advantages of specular lightguides are considered in [70], while [170] gives 
preference to diffusing lightguides. 

It is interesting to compare the transmission of diffusing and specular light- 
guides as a function of | [214]. Figure 3.12 shows the dependence r(J) for a 
diffusing lightguide (p = 0.94) and for two types of specular lightguides, a pol- 
ished tube (aluminium, p = 0.85) and a lightguide employing total internal 
reflection (p = 0.85; n = 1.5; K = 1.0m7'). The transmittance 7 is deter- 
mined not by the luminous flux (see pages 65-67) which strikes the receiver, 
but by the luminous flux absorbed by it. To find the conditions at the entrance 
and exit, as was done for the diffusing lightguide; data were re-calculated allow- 
ing for reflection from the input end (r; = 0.9) and from the photomultiplier 
(rg = 0.1). As is seen in figure 3.12, up to! = 5 the diffusing lightguide provides 
a slightly greater transmission than either type of specular lightguide and can 
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Figure 3.12: Comparison of the light transmission of diffusing and specular 
light guides: 

(1) — diffusing lightguide, p = 0.94, r1 = 0.94, rg = 0.1; (2) — polished tube, 
p = 0.85; (3) — lightguide with total internal reflection and specular reflection, 
K =1.0m~!, n = 1.5, p = 0.85; (4) — direct light from the source. 


compete with them. At great lengths 7 falls significantly faster for a diffusing 
lightguide than for a specular lightguide. 

Note that diffusing lightguides provide a more even distribution of the lumi- 
nous flux over the surface of the photocathode than specular lightguides. 


3.3 Combined Lightguides 


Lightguides employing total internal reflection surrounded by diffuse reflectors 
(avoiding optical contact) are called combined lightguides. Such lightguides 
possess the maximum transmission of light in comparison with other types, 
over a specific range of lengths, and less non-uniformity of transmission. 


3.3.1 Calculation of Transmission 


The transmittance of a combined lightguide for light from a source of total flux 
F over solid angle 27 can be considered as the sum of two processes: (1) the 
luminous flux F”’ emitted by the source within the limits of the aperture angle 
Ucrit passes along the lightguide in accordance with the laws of total internal 
reflection (see figure 3.3); (2) the luminous flux F” = F'— F” strikes the external 
reflector and passes through the system in accordance with the laws governing 
diffusing lightguides. Consequently, the transmittance of a combined lightguide 
can be written as [213]: 


v1 
T=T1 +12 = 11 + dif f- (3.74) 
Where 7; is the transmittance of the lightguide with total internal reflection; 
Taff is the transmittance of the diffusing lightguide which depends on the char- 
acteristics of the lightguide and on the distribution of the initial illuminance of 
the walls. It may be assumed that the initial illuminance is concentrated in a 
narrow ring at the input end of the lightguide and where rz = 0, 


Taff = (1+11)/2(cosh \ + sinh A), (3.75) 
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where ¥ is given by equation (3.66) taking ro = 0. Where \$1 an asymp- 
totic expression ®(a,,71) can be found, analogous to (3.69), which is shown in 
figure 3.8. 

Note that the reinforcing effect of the external reflector is observed only if it 
covers all the “internal” lightguide. If the reflector is positioned >D from the 
receiver, rays reflected by it will not strike the receiver. 

References [142, 88, 169] describe the use of combined lightguides. In refer- 
ence [169], together with other lightguides, combined lightguides, fabricated as 
50mm diameter perspex rods wrapped in mylar film painted with NE560, were 
investigated. As shown above (page 70), an estimate of the experimental data 
gives p = 0.92. In these experiments the transmission of scintillation light from 
a white painted 50mm diameter plastic scintillator was investigated. Examina- 
tion of the dependencies for lightguides employing total internal reflection allows 
the conclusion that the angular distribution of the light source, distributed over 
the input end of the lightguide, lies intermediate between an isotropic and a 
cosine distribution: 7) = 0.7 (see page 56). 

According to the cited data we find 


a, =1—p+2KR=0.14. 


The experimental conditions can be approximated by r; = 1, rg = 0. For 
this case, from figure 3.8, is found to be ®(a,) = 0.7. Using this data, the de- 
pendence 7(Z) can be constructed and compared with experiment. Figure 3.11 
shows the experimental dependence V(Z) for a combined lightguide [169] to- 
gether with the calculated points. From calculation it follows that for lengths 
comparable with the diameter of the lightguide an external diffusing reflector 
increases transmission by roughly 20% under the conditions of reference [169], 
while for an isotropic source by up to 30%. 


3.4 Parallelepiped Shaped Lightguides 


Parallelepiped shaped lightguides are frequently used to couple rectangular sec- 
tion scintillators (mainly slabs) with one or more photomultipliers. Bent rectan- 
gular section lightguides find use in medical y-ray cameras (“Anger-cameras” ), 
to couple the elements of tessellated screens of NalI(T1) crystals to photomulti- 
plier systems [81, 201] 

The situation where the scintillator output window and the receiving surface 
have equal area is considered in the following section. 


3.4.1 Lightguides Employing Total Internal Reflection 
Lightguides without optical contact 


The transmission of light by a rectangular section lightguide not having opti- 
cal contact with the photomultiplier does not essentially differ from that of a 
cylindrical lightguide. Independently of the form of the side surface (assuming 
it can be considered as a generalized cylindrical surface) the solid angle of light 
emission from a lightguide is determined by the critical angle of incidence of 
rays with the base. All rays having an angle 0 < ¥y with the axis escape through 
the base, just as in a cylindrical lightguide having no optical contact. The re- 
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Figure 3.13: Lightguide of rectangular section with two half escape cones shown. 
Ray SK strikes the photocathode after two reflections while ray SM escapes 
from the lightguide. 


mainder of the considerations relating to a cylindrical lightguide also remain 
valid. Further, the light path length in the lightguide does not depend on the 
shape of the side surface®. Consequently, the transmission is determined by 
the equations of table 3.1 for a lightguide not in optical contact. 

The transfer characteristics of such lightguides are of interest. It can be 
shown, that for an axial point source, at length of lightguide L > 2b, tan y, the 
non-uniformity of illuminance does not exceed 5%. 


Lightguides in optical contact 


Lightguides in the form of parallelepipeds in optical contact are usually em- 
ployed for the transmission of light from a slab. The transmission of light by 
this type of lightguide is considered in a number of references [73, 55, 8, 10]. In 
reference [55] a numerical calculation for slabs longer than the critical length 
(see below) is undertaken, taking into account the absorption of light and so 
determining the transmission of the lightguide. The light collection for an arbi- 
trarily located point on the slab is determined in reference [73] and the method 
is discussed in section 6.3. In reference [10] an analogous problem for a point on 
the axis of the counter was resolved by the specular image method and numer- 
ical summation. The principles of the calculation of the spatial distribution of 
light collection from slabs are presented in reference [301]. In determining the 
transmittance of rectangular section lightguides the concept of “escape cones” 
proposed in references [255, 118] is useful. 

Consider a lightguide of rectangular section ABCDEFGH with an isotropic 
source S' lying on its axis (figure 3.13). The sides of the input face are 2a, 
and 2b, (2a, < 2a,), and the length of the lightguide is L. The edge EFGH is 
the output edge in contact with the photocathode. In order to determine the 
ray paths by the specular image method (see section 3.1.1), we construct the 
reflections of the lightguide represented by the dotted line. Rays lying inside 
the shaded halves of the cones with vertex S and vertex angle 2y will escape 





5This is equivalent to the conservation of the projected motion of photons on the axis of 
the lightguide (see, for example, [149]. 
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from the lightguide. The radii of the bases of the cones, the “critical heights”, 
are respectively 
H,=a,tany; Hy = bp tany. (3.76) 


The symmetrical cones are not shown on the diagram. Rays lying outside the 
cones, for example the ray SK, strike the cathode after a number of reflections. 
Further, rays which lie within a pyramid with its vertex at S and base FEGH 
strike the photocathode directly. It is important whether the pyramid is in- 
tersected by the escape cones. For lightguides of length L > H,,L > Hy the 
pyramid and the cones do not intersect; at H, < L < Hj intersection of one of 
the cones takes place; at L < H, both cones intersect the pyramid. 

Consider a lightguide without absorption and an isotropic source lying in 
the plane of the entry and radiating over a solid angle 27. Clearly, 79(0) = 1. 
In the length interval 0 < L < Hy, as L increases, 79(L) is diminishing. This 
interval is considered below. 

Where L > Hy the light collecting coefficient is given by 


: 1 
T° = Tp = 1— 4wx = 1—45(1— cosy) = 2cosy — 1. (3.77) 


Here wx is the relative solid angle of a half-cone with vertex angle 2y. Where 
n = 1.5, 7, = 0.49. 

The question of the dependence of 7) on the situation of the source in the 
plane of the input edge is important. From figure 3.13 it can be seen that for 
a non-central source the critical heights H,,;; are higher than those determined 
by equations (3.76). Clearly, the maximum value is 


Aerit = 24/ az + be tany. (3.78) 


Beginning from this height the value tT = 7, does not depend on the co- 
ordinate of the source in the plane of the input window. This is the principal 
difference between rectangular section lightguides and circular cylindrical light- 
guides. 

With a lightguide with absorption the calculation of 7 is complicated. Brini 
[55] found the dependence 7(KL) = 7(() for this case (where L > Herit) by 
means of numerical integration. The dependence 7(3) can be found approxi- 
mately in its final form [301]. Replacing the ray bundle leading from S to the 
receiver (see figure 3.13) with an equivalent conical tube, 7(3) can be expressed 


in the form: 
Onur 


T= pe exp (-4,) sin 6 dé, (3.79) 


0 


where 6), is determined by the relationship 
1— cos Oy = 7p. (3.80) 
Where 6 < 1 equation (3.79), analogously to table 3.1, can be noted as 
T = Tp exp(—VMisof3). (3.81) 


For n = 1.5, cos@y¢ = 0.15; 0x7 = 59°; Viso = 1.4 (see figure 3.4). 
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Figure 3.14: The calculation of additional light collection where LD < Hep it. 


Comparison of the dependence (3.81) with the data of reference [55] shows 
that divergence where 8 < 1 does not exceed 5%. 

As has been indicated, lightguides of rectangular section are mainly used for 
light transmission from slabs having one dimension significantly less than the 
other two others, that is. ap < bp, L, then Heri, % 2Hy > Aa. 

For such lightguides the dependence r(L£,) can be found for an interval 
2H, < L < 2H, (x is the displacement of the source in the plane of the slab). 
The method of calculation [301] presented here can also be used for the de- 
termination of the light collection coefficient of slab shaped scintillators (see 
chapter 6). 

Employing the specular image method similarly to figure 1.13, consider the 
source S' lying in the plane «xz of the input edge of a lightguide at a distance of 
O”S = x from the axis of the lightguide. The escape cones intersect the plane 
2121 of the output window of the lightguide, forming hyperbolas centred on Oj, 
the projection of S on the plane x12, (figure 3.14). Where L < 2H; the arms 
of the hyperbola with axis Ox (or one of them) intersect the output window 
of the lightguide. Here, not only rays determined by equation (3.77) strike the 
output window (the base of the lightguide), but also rays directly incident on 
the base (the shaded sections in figure 3.13). 

Following the assumption ap < bp, L > 2Hgq, the solid angle w = w, + we 
corresponding to the incidence of light with the shaded sections can be noted 
as 





Pi 
2a, dx . 
w= / ne cosy dy, i=1,2. (3.82) 
a7Y 
Here 
tany = a R? = 1? + (21 —-2)?. (3.83) 


In this fashion, 
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Figure 3.15: The variable component in the transmittance where L < Aepit. 














2p [sin tan? ope = cos7| » &<by—Leoty 
Wy = ; 
0, x > by — Leoty 
2a . _,b5,+2 
or 
2 1- 1 
wy = 2 &p a + & 2cosy| , 
L | J®+d-Ge JP+0+G? 
xz < bp — Leot y. (3.85) 


From which the transmittance, where L < 2H;, is determined as 
= wW Ap 
T) = Tp + Ap = 2cosy —1+ 5 = 2eosy—1+ "dp (3.86) 


The additional term A, = = determines the non-uniformity of light trans- 
mission where | < 2Hy. Figure 3.15 shows the function 4,(€,) for n = 1.5 and 
is for various /. With the aid of these curves the mean values A, and 7 can 


is be found for given a,. Using (3.85), A, and 7(/) for the input window of the 
22 lightguide can also be found. Integrating (3.85) according to €, we find 


eis Ap 


Ay = —;( ?+4-2cosy—Isiny), I< 2tany. (3.87) 





pageot ‘The ratio Belts is significant only for small /. So, for a, = 0.17 where | = 
0.4A,/7 = 0.08; where 1 = 1.0A,/7, = 0.016. 
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3.4.2 Lightguides with Surface Defects 


Rectangular scintillating plastic rods (active lightguides) have been used in ho- 
doscope systems (see, for example, [58]). Where rods with L >> ap, bp are used, 
scattering at the surfaces is of great significance. Here a calculation for cylin- 
drical lightguides can be used with an approximation, that is the introduction 
of the radius of an equivalent cylindrical lightguide R = \/apbp. 

From this the technique of separately determining bulk absorption and sur- 
face defects can be used, similarly to the situation with cylindrical lightguides 
[136]. More exact calculations of surface defects for lightguides shaped as thin 
slabs (a, < 1) can be performed. A factor determining light losses due to 
surface defects can be noted in the form: 


T =exp(—0.34ca), ca = 16/2ap (3.88) 


An investigation of the transmission as a function of the slab thickness was 
undertaken by Schoenfelder [247], who found a dependence analogous to (3.88). 
Examination of the author’s data gives the value 24 x 10~¢ for 6. 


3.4.3 Comparison of Cylindrical and Parallelepiped Shaped 


Lightguides 


The transmittances of these types of lightguides in optical contact are similar. 
Where there is an isotropic source of light which (the source) fills the entirety 
of the input end of the lightguide, where n = 1.5 (omitting the indexes on 7): 


T =0.55exp(—1.45KL) (cylinder); 
T =0.49exp(—1.4KL) (parallelepiped). 


However, a cylindrical lightguide possesses a significant non-uniformity of 
transmission, in contrast with a parallelepiped shaped lightguide. (As has been 
shown, there is no difference between them if both type of lightguides are coupled 
to the photomultiplier avoiding optical contact). These types of lightguides were 
compared in reference [301]. The working area of the photocathode was grad- 
uated according to resolution in coordinates RZ,(1/V) using a Nal(Tl) crystal 
calibrated according to the resolution (see figure 3.16). A plastic scintillator 
film shaped as a 30mm diameter disc was coupled directly to the photomulti- 
plier or onto the lightguide being investigated the end of which was either a 
30mm diameter circle or a square of side 2a, = 30mm. The film was irradiated 
with a-particles from a 7°°Pu source. These experiments with films coupled to 
rectangular or circular section lightguides not in optical contact showed no dif- 
ference between them and also confirmed the calibration of the photomultiplier 
(line I on figure 3.16). 

Experiments with a film in optical contact showed, within the accuracy of 
experiment (+2.5%), that a rectangular section lightguide makes no additional 
contribution to the resolution of a spectrometer, this being determined by the 
light emittance and the attributes of the photomultiplier; a cylindrical lightguide 
(line II on figure 3.16) makes a contribution to the resolution, which can be 
estimated from the segment cut off along the y-axis: R-y ~ 24%. This value is 
close to the calculated value Rr = 2.36W, of equation 1.17. 

The experiments described emphasize the utility of rectangular section light- 
guides, especially if the output window of the detector is also rectangular. 
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Figure 3.16: The connection between resolution (%) and luminous yield (arbi- 
trary units) for scintillators coupled to lightguides. Numerals at the points are 
the height of the lightguide (cm). 

Open symbols — scintillator and a lightguide not in optical contact. 

Filled symbols — in optical contact. 

The shape of the symbol indicates the cross-section of the lightguide. 


3.4.4 Rectangular Lightguides for Light Collection from 
the Narrow Edge of a Slab 


Rectangular lightguides are frequently used which are effectively continuations 
of a slab with one or more photomultipliers coupled to the lightguide [25, 37]. 
Such lightguides reduce the longitudinal and transverse non-uniformity of light 
collection. The length of lightguide needed to reduce the non-uniformity by a 
given amount can be calculated. The difference between the refractive index of 
the lightguide and that of the scintillator can be ignored in calculations for the 
slab and the spatial distribution of light collection can be determined. Note that 
such lightguides are not concentrating: on average the signal is proportional to 
the ratio of the area of the photocathode to the area of the output end of the 
lightguide. 

Consider a thin slab (a, < 1) with one or two photomultipliers coupled in 
optical contact to one of the edges of the slab. For ease of comparison the total 
area of the photocathodes in the two cases is taken to be identical. 

For downward going rays, from points lying at distances LD > He,t, inde- 
pendently of the number of photomultipliers 


qd 
= ——~Tair —',KL), . 
Lash: Tair CXP(—, KL) (3.89) 


while there is no transverse non-uniformity. Where L < H,,;; there is a more 
complicated solution of the problem. 
One photomultiplier on the axis of the slab 


Consider a slab with axis OO” and a source S, displaced relatively to the axis 
on O”S = «x (figure 3.17) The width of the receiver 6 is small in comparison 
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Figure 3.17: Diagram for the calculation of the transmittance from a lightguide- 
slab. 


with the length of the output edge 26,. 

Calculations of the non-uniformity of light collection for such a configuration 
are presented in references [10] and [73]. The method employed in reference [10] 
allowed only the calculation of the longitudinal non-uniformity of light collection 
along the axis of the slab. In reference [73], as shown below, the reflection of light 
from the side edges is ignored, which is a very exceedingly crude approximation. 

Applying, as was done in figure 3.13, the specular image method [301], the 
lower part of figure 3.17 is generated. The escape cones intersect the plane xz 
along a hyperbola with axes O,z and O,2, the receiver is represented by strips, 
shaded on figure 3.17. The solid angle in which the element da, dz (double 
shaded on the diagram) is visible from the point S' is 





dw’ = cos i, (3.90) 


where R, = SK; 7 is the angle of incidence. Assuming dx, = 6, we find for the 
solid angle, intersecting the shaded strip: 


z2 
1 
I, = 2Lo | dz (3.91) 
(x? + 22 + L?)3 
Zz 


Here 21 equals zero (F'“) or is determined by hyperbola 1 (F°), z2 is deter- 
mined by hyperbola 2 (see figure 3.17). Integration of (3.91) gives ° 





2 
Fy, = 7 COs” Yn, COSY (3.92) 


or 





SEquation (3.92) was given in reference [1]. However, only the zeroth term of the se- 
ries (3.94) was considered which explains the discrepancy between the calculation and the 
experimental data. 
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A _ 2fp cosy = 1 
Ful, &) = / ae Pee T&F ; 
_ 2h os [2 
PAL.) P 1 tan? y 
e = 1+ EGE [2n — (-1)S€,]? 


(3.93) 
where £, = 5, $fp = 7/2bp is the fraction of the area of the output edge 
7 occupied by the receiver. 
The transmittance of the lightguide (assuming normalization of the total 
flux over 47) 7 is given by the equation 


T(leo)= eR as (3.94) 


where F% is calculated by the equation for F% or F° (the choice of equation (3.93) 

1 for a or b is carried out using figure 3.17). The multiplier t, is the absorption 
factor: 

tn, = exp(—KL,), (3.95) 


is where L, is the mean path for the corresponding shaded element. Where there 
is a weak dependence 7(€,) or where there is weak absorption it can be assumed 


t, & t = exp(—vKL). 
19 
Replacing, as on page 74, the flux of rays striking the output edge with an 
equivalent conical beam of aperture angle @,,, v is found from the correlation 


1 = 
= 5(1—cos Oar), 7 = SecOnr. (3.96) 
Pp 


Considering the characteristics of such lightguides but ignoring absorption, 
pazevs the calculation of the dependence 1/f,(€,l) gives the curves shown on fig- 
2 ure 3.18a. Where / > 2 the transmittance is constant, that is, the lightguide is 

3 completely equalizing. Where n = 1.5 


1 1 fv 2cosy—1 f, 


= : = pee. = 
Tinjo = (5 4. SwK) 5 5 5 = 0-123fp. (3.97) 





23 





At these lengths there is effectively total “light mixing”. Consequently, the 
signal does not depend on the position of the receiver on the output edge of the 
10 lightguide. 


Two photomultipliers on the output edge 


The most important case is when two photomultipliers are arranged symmetri- 

cally relative to the axis at distance b,/2 from it, while the sum width of both 
13 receivers equals 6. In a diagram constructed as figure 3.17 the receivers are 

arranged spaced at b, and their coordinates are determined by the equation 


ae (3.98) 


Ln = by(n + bp + 5 


3.4 Parallelepiped Shaped Lightguides 81 





0 82 G4 G6 G8 1400 G2 04 06 O8 40 &, 


Figure 3.18: The dependence of the transmittance of a slab lightguide on the 
relative length / and the displacement € of the light source for one (a) and two 
(b) receivers. 


page 97 Correspondingly the solid angles, following (3.93), are determined as 








2 
2 fy COSY 1 
FY = f 1 iy } 
I 24), ECOSE 


pe 2 fp COSY 3 1 1 is 12 
OAS ee eee AES 1 (n+ $4 (DSP 


(3.99) 
The transmittance for downward going rays is determined (allowing for absorp- « 
tion) by a summation of the series (3.94), while the choice of equation F;° or 
F® is carried out by a construction analogous to the case on page 79. The » 
dependence Tyo(l,&,) for the case of two photomultipliers (where K = 5) is 
shown in figure 3.18b. It can be seen that the degree of non-uniformity for the 
case of figure 3.18b is significantly less than for the case of figure 3.18a. The 1s 
calculation cited was compared with experiment in reference [305]. 














7For ease of use of the results of this paragraph in part II, a flux radiating over solid angle 
4r is normalized to unity. 
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Chapter 4 


Concentrating Lightguides 


4.1 Concentrating Systems for Scintillation Coun- 


ters 


Concentrating lightguides are required if a scintillator with a cross sectional area 
larger than that of the photocathode of the photomultiplier must be used. The 
use of a lightguide inevitably leads to losses of light, so it is advantageous to 
employ a large area photomultiplier, allowing the use of a large fraction of the 
scintillation luminous flux. As the size of the largest photocathodes available 
increases, it becomes possible to deploy ever larger scintillators without recourse 
to concentrating lightguides. Despite this, concentrating lightguides continue 
to to find uses. In many situations scintillators are used,which are larger in 
area than the largest photocathodes currently in production, (Dpmz * 400mm). 
Conversely the quality of large photomultipliers, in particular the uniformity of 
the photocathode is lower than for smaller tubes. (Consequently it is often pre- 
ferred to couple scintillation detectors, even if not excessively large, with more 
than one photomultiplier, particularly when good resolution is required, see, for 
example, [210]). Further, scintillation detectors with concentrating lightguides 
for triggering applications, as opposed to spectrometry, are comparatively cheap 
and compact, especially if many detectors are needed [21, 168, 106]. 

Some situations require the output window of the scintillator to be coupled 
to a receiver of smaller area with the scintillator located at some distance from 
the photomultiplier. Conical lightguides are an obvious choice for thist. 

As with constant section lightguides, at a given ratio of source area $} (scin- 
tillator output window) to receiver area Sz (photocathode), it is important to 
maximize the transmittance 7 and to minimize the non-uniformity of transmis- 
sion dT = At/T or OTcen. For concentrating lightguides these demands are 
usually conflicting and consequently a configuration is used which is optimally 
applicable to the specific problem. 

Concentrating lightguides are often used, not with a flat source of light (a 
thin scintillator), but with a volume source, the thickness of which is comparable 
with the length of the lightguide. In this case transmission will be affected not 
only by the characteristics of the lightguide but also by those of the scintillator. 





1For example, in scintillation counters with liquid helium, in which a vessel with a scintil- 
lator is usually coupled to a photomultiplier of smaller diameter [257, 232]. 
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Non-uniformity of light collection for such an arrangement is less than for a 
lightguide itself (see, for example, {[168]), hence, an estimate of the performance 
of a lightguide can be made from data obtained for a source lying in the plane 
of the input end. 

Most lightguides used have axial symmetry, their basic geometrical param- 
eters being: the radii R; and R» of the input and output ends and the height 
H. Concentrating lightguides can be characterized by the dimensionless param- 
eters k, = Ri /R2, h = H/Rz and conical lightguides by the half angle 6 at the 
apex of the cone. The only cases considered are where the cross sectional shape 
of the ray bundle is invariant, maintaining the similarity of shapes S$; and S. 
(Arrangements in which the cross sectional shape of the light beam changes are 
considered in chapter 5.) 

As for constant section lightguides, the characteristics of concentrating light- 
guides, both solid and hollow, are analyzed in terms of the various conditions 
of reflection on the side surfaces. 

As shown in section 1.5.4, the fundamental difference between the concen- 
tration of light from thermal sources and light from scintillators arises where 
the rays can return from the lightguide to the source. In such cases the trans- 
mittance of the lightguide depends essentially on the reflectance of the source. 
In practice the reflectance depends on absorption in the scintillator and on the 
reflectors used in its packaging. 


4.2 Specular Concentrating Lightguides 


Truncated pyramids, cones and wedges have been used as specular concentrating 
lightguides with scintillation counters. As with constant section lightguides 
they can be solid (utilizing total internal reflection), hollow or combined (solid 
lightguides with supplementary reflection). Early attempts were made to use 
axikons, which are axially symmetric optical elements giving multiple images 
of point sources situated along the axis of the system [232]. As there is no 
requirement to produce an image of the input points at the output end of the 
lightguide, devices which do not focus the light but merely concentrate it were 
developed. The first of these were known as “focons” [310, 162]. 


4.2.1 Lightguides with Metallic Reflection 
Conical lightguides 


Hollow concentrating lightguides constructed as reflecting metal cones were first 
proposed for the concentration of solar energy [310], while the theory and tech- 
nology of concentrating lightguides was developed primarily for the concentra- 
tion of infra-red radiation [321, 324, 198, 186]. The high reflectances obtainable 
for infra-red radiation make possible the use of lightguides with a low value 
of angle 8. Computer simulations and estimations of transmittance were un- 
dertaken for these concentrators in [186]. Because of the lower values of p 
obtainable, lightguides with comparatively large values of 6 are used in scintil- 
lation technology, creating familiar difficulties where uniformity of transmission 
is important. 

The specular image method [821, 310] can be used to determine the trans- 
mittance of conical lightguides for rays lying in the meridional plane. Rays 
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which lie outside the aperture angle u; return to the source after a series of 
reflections. Figure 4.1 shows the construction of ray paths in a cone with vertex 
angle 26. 


Be ~1ke=1 


B=tan! = tan 41 
A 





Rays for which uz < 2/2 impinge the small end of the cone. Consequently, a 
ray which defines the aperture angle u¢,;4, is directed along the tangent with a 
circle b of radius p (see figure 4.1). From figure 4.1 the value of the angle Uepit 
for a source lying at the centre of the input window can be found: 


Ry... il 
R,cos8 ke cos 8" 








SiN Ucrit = (4.2) 
The value of the angle u,,;¢ defined by equation (4.2) can be compared with 
the value of u¢,;¢ defined by Straubel’s theorem (section 1.5.4): 


: 1 
SiN Ucrit = He (4.3) 
The discrepancy between equations (4.2) and (4.3) is less, the greater is the 
ratio h/(ke — 1). This is explained by the fact that equation (4.3) characterizes 
the mean aperture angle for the source. It follows from this that a hollow 
lightguide, even where p = 1, is characterized by diminishing dependence r(a). 
Indeed, considering, for example, ray 3, which passes across the edge of the 
input end of the lightguide [821, 310] (see figure 4.1) and examining the triangle 
AF\O, we find: 


OF, _ pcosy 
OD SO 





sin(uori + B) = = sin uj cos G3; (4.4) 


1 
eye = sin! [= — B. (45) 


Clearly, for sufficiently long lightguides (8 «< 1), the value of the aperture 
angle is defined by equation (4.3) independently of the length of the lightguide. 
As is shown in reference [310], the equations given for u¢,;, are also correct for 
sagittal rays if the angle between the generators drawn between two subsequent 
reflection points of a ray is taken as 20. 

The transmittance for a lossless lightguide (9 = 1) where the source is axial 
is expressed as 
T=20 / j(u)sinwu du. (4.6) 
0 


As the dependence 7(a) is diminishing, it can be seen that for lightguides of 
not too great a length, the transmission is less than that predicted by Straubel’s 
theorem. 

Estimations found assuming p = 1 will give only the upper limit for the 
transmittance, also known as the “geometrical transmittance” [31]. Increasing 
the length of a conical lightguide where p < 1 leads to an increase in reflection 
losses. This makes it desirable to seek a shape of lightguide in which transmis- 
sion close to the limit (4.3) are achieved at minimal length. 
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Figure 4.1: Construction of the ray paths in a specular lightguide: a — dupli- 
cation of the meridional section of the cone: ray 1 strikes the receiver; ray 2 
returns to the source; Ueriz is for rays leaving the centre of the input end; u/,,,, 
is for rays traversing its edge; 

b — simplified diagram for the construction of the ray paths in a conical light- 
guide: wu, is the aperture angle for a lightguide with total internal reflection, 


y= 5-7: 
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For the calculation of the light absorption on the walls, a rather more precise 
estimation of the transmittance [298] (or the “physical transmittance” [29]) is 
performed. Again using figure 4.1, as in cylindrical lightguides with metallic 
reflection it is assumed that a ray leaving 5; is attenuated according to the 
number of reflections m which occur, that is, the intersections with the lines 
which radiate from the point O. Thus, the flux from a single isotropic source, 
emitting in the angle interval u,u + du and having escaped the cone, is 





drs? = p™ sinu du (4.7) 
For sufficiently large m 
y-B p+ ke —1 
— 1 = a ~~ u 
i 9R° pit Ea 


Assuming the sine theorem, we find: 


sintut+ty) Ht+p Ry 








= = ke 4.8 
sin u p Ro 0) 
y =sin'(k,u) — u = (2m —1)f. (4.9) 
In this fashion, 
1 fsin-' (ku) — u 

= h+1 4.1 
s(n), (4.10) 
iso = S- p™ sin tim AUm, (4.11) 


m=0 
where ti, is the mean value of the angle in the interval uy—1,Um (u_1 = 0). 
The summation is over all angles up to Ucriz. Calculation of 7**° is reduced to 
the definition of the values of u,, from (4.10) which correspond to m = 0,1,2,... 
For a cosine radiator we find: 


p= Sy pinta Aus (4.12) 


m=0 


For sufficiently large k. a satisfactory approximation is found by substituting 
(4.13) for (4.10): 








1 
m= giuh+ U), (4.13) 
and replacing summations (4.11) and (4.12) by the integral 
pi kj pe a du = p°° exp(—cu)u du 
0 0 
0.5 
p c c 
=k; 2 E (1+ ©) exp (-=)| 
poe 
=k; 222 = eaye "|. (4.14) 


1 for an isotropic source, 


here kj = . 
2 for a cosine source; 
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Figure 4.2: Transmittances for hollow conical lightguides (k, = 2, r = 0.7) 
Isotropic source, 7: 1 — numerical calculation; 2 — the same with Fresnel re- 
flection from the receiver taken into account; 3 — calculation according to the 
approximate equation (4.14), + experimental (p, = 0). 

Cosine source, 7); 4— numerical calculation; 5 — the same, with Fresnel reflection 
from the receiver taken into account; 6 — the calculation of 7**° with reflection 


from the source (ps = 0.8) taken into account; 7 — the value r#?* calculated 
from experimental data; 
x — experimental with p, = 0; o — experimental with p, = 0.8. 
ah 1 Cc 
Ss — In ‘: U, 7 ae Z2o=> > 4.15 
Cc 9° ay | pl; crit kes c ke ( ) 


It follows from equation (4.14), that for a cosine radiator, when k? > 1, the 
value T is twice as great as for an isotropic radiator (with the same normalization 
over the solid angle 27). 

Figure 4.2 shows r*°°(h) and 7°°5(h) calculated according to equations (4.11) 
and (4.12) where k, = 2 together with r(h), calculated according to the asymp- 
totic equation (4.14) for an isotropic source. For sufficiently large h, there is 
satisfactory agreement. 

A correction for Fresnel reflection from the photocathode glass (n = 1.5) 
must be made for the transmittance of a hollow lightguide. The mean value of 
the Fresnel reflectance p,es(w) must be determined where the angle of incidence 
of the rays with the cathode is w = u+ y (see figure 4.1). Figure 4.2 also shows 
the dependence of the transmittance on h with correction for Fresnel reflection 
r/res and for an isotropic source. 

The mean number of reflections in a given lightguide can be found from 
equation (4.13) (for isotropic and cosine sources): 

h 1 


=. 4.16 
3k¢ » 2 ( ) 





m= 
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Figure 4.3: Cross section of a paraboloidal focon and its basic notation. 


From equations (4.14) and (4.16) it can be seen that for given k., the im- 
provement in the uniformity of transmission, achieved by increasing the length 
of the lightguide, results in a reduction in the transmission because of the in- 
creased number of reflections from the walls. This approach has been applied 
to air lightguides used for the concentration of solar energy [310] and the con- 
centration of radiation (for example, infra-red radiation) from a source onto a 
receiver. In the case of a scintillation source allowance should be made for 
those rays which return to the source (ray 2, figure 4.1) and those reflected from 
it or from a reflector behind it. Knowing the reflection from the source ps, the 
transmittance for meridional rays is 


piso =—T+ (1 = pr PsT. (4.17) 


Here mp is the mean number of reflections in the angle interval (eri, 5) for 
rays which return to the source (see figure 4.1), the computation of which is not 
difficult. 


Lightguides of other shapes 


Of primary importance amongst the axially symmetric hollow lightguides are 
those called (somewhat illogically) focons. It is easy to show [310] that for the 
same values of k, and hf in a convex focon the rays undergo a smaller number of 
reflections than in a straight sided cone while rays in a concave cone will undergo 
an even greater number of reflections. A convex surface can be found which, in 
addition to a minimal number of reflections possesses no noticeable radial non- 
uniformity of transmission (for p = 1). Baranov [29] found that a concentrating 
lightguide, the characteristics of which exceeded surpassed a conical lightguide, 
could be produced from a surface formed by the rotation of a section of a 
parabola around the axis (figure 4.3). Where there is a corresponding choice of 
parameters of a lightguide, all rays which enter any point of the large aperture 
of a focon within the limits of a defined angle a will exit via the small aperture. 
For this it is essential that the axis of the parabola OO’ should intersect with 
the axis of rotation XX’ at the angle a, that the focus of the parabola My, 
should lie at one end of the diameter of the small aperture, while the parabola 
should pass through the other end of this diameter. The angle a is determined 
by the radii of the input and output apertures of the focon in a similar way that 
the aperture angle w.,iz is for a conical lightguide (4.3). The focal length of 
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the parabola f and the length of the lightguide H are defined by the following 
equations: 
H _ cosa(1+sina) 


= Ro(1 i ; h= 
f a(1 + sina); Roz 2sin? a 





Following reference [29], the suggested surface (paraboloidal focon) allows 
the transmission not only of meridional rays but also, to a certain degree, sagittal 
rays as well, if the angle between the ray and the normal to the input plane does 
not exceed the angle a. The author proposed the use of these lightguides for 
the transmission of beams which are diverging over a certain angle through the 
small aperture. 

In reference [31] the transmission of light by paraboloidal focons was inves- 
tigated experimentally. Experiments showed that both the geometrical and the 
physical coefficients of transmission were higher for paraboloidal focons than for 
simple cones. 

Subsequently, a similar construction to a paraboloidal focon was suggested 
by Hintenberger and Winston [149] for the collection of light generated in a 
Cherenkov counter on to a photomultiplier. These authors calculated using a 
computer showing that a paraboloidal focon (a “light funnel” in the terminol- 
ogy of the authors) achieved the minimum possible number of reflections for 
meridional rays. For sagittal rays the mean number of reflections conforming to 
the chosen dimensions was estimated. For k, = 3.6 and h = 16 it proved to be 
equal to 1.4. For a conical lightguide of such dimensions m = 4 for meridional 
rays and is even higher for sagittal rays. 

The concentration available using paraboloidal focons approaches the limit 
of concentration given by Straubel’s theorem. In the case where light leaving a 
scintillator is concentrated the computation should be performed more precisely. 
An analysis of this process is contained in references [150, 30, 322, 323, 184]. 
Using a solid paraboloidal focon (n = 1.5) metallized over the side surface and 
in optical contact with a photomultiplier (ngiass = 1.5), one can assume n1 = ne 
in equation (1.53). If a plastic scintillator is used avoiding optical contact with 
the focon, then uy = y;n, * ng should be assumed when applying equation 
(1.49): 


Ry siny = Rosina /2. (4.18) 


Consequently, one can use a photomultiplier of diameter Rz without loss of 
light, where: 


Ro = a = 7 = 0.67R, (4.19) 
With this ratio of sections the beam $,/S2 = x is n? = 2.25. For scintillators in 
optical contact with a focon the computation of the value y is more complicated 
in that the ray bundle does not have axial symmetry (see pages 52-56). 

Light escaping from scintillator into the air diverges over the solid angle 
2x. However for scintillators with no = 1.5, (4.19) can be preserved if the 
construction made up of hollow and solid focons described in references [322, 323] 
is used. Hintenberger style modified lightguides made of aluminized acrylic have 
also been used for coupling rectangular lightguides of section 150 x 150mm to 
a photomultiplier, Dpm: = 75mm [91]. 
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Experimental data 


The advantages of hollow lightguides and the types of experiments which require 
them are described on page 37. In reference [298], an experimental investigation 
of their characteristics and a comparison with computation was undertaken. A 
set of polished aluminium conical reflectors was prepared with R,; = 30mm, 
Rz = 15mm and with heights H from 10mm up to 80mm while the reflectance 
of the walls was equal to 0.7. A glass sphere containing a luminous compound 
of constant action was used as an isotropic light source and a Nal(T1) crystal 
10 x 10mm in a standard packing was used as a cosine light source. The receiver 
was a type FEU-49 photomultiplier. 

The high dependencies of transmission T(h) where a = 0 (henceforth 7) 
were recorded for both cases. They coincide satisfactorily with computation 
for p = 0.7, if Fresnel reflection is taken into account (figure 4.2). The radial 
dependencies of the transmittance were also taken down. Averaging 7(0) over 
the area of the radiator the value T(h), henceforth 7,, was found and is shown 
in figure 4.2 for a cosine radiator. The measurement was repeated for the 
isotropic source T’$°(h), and subsequently with the input end of the lightguide 
otherwise covered with a white paper reflector, (p, = 0.8), in the centre of which 
was an aperture for the Nal(Tl) crystal source. The values r’8°(h) are shown 
in figure 4.2 together with an approximate calculation according to equation 
(4.17). Figure 4.2 indicates that numerical approximation of the transmittance 
of conical hollow lightguides is satisfactory for axial points. It should be noted 
that 7, + 7(0) where h > 2k.. 

It also follows from figure 4.2 and equation (4.17) that for sufficiently large p 
values of 7’8° can be found which exceed the limit given by Straubel’s theorem. 


4.2.2 Concentrating Lightguides with Total Internal Re- 
flection 


The computation of transmission in conical lightguides 


The principal limits for the transmittance of a lightguide employing total inter- 
nal reflection and in optical contact with a receiver will be found. In the case 
of a concentrating solid lightguide of refractive index n an additional restriction 
applies at the angle u,: for a single reflection the angle of incidence with the 
surface of the lightguide cannot exceed the critical angle y. Consequently the 
aperture angle in figure 4.1b is limited by the ray SN which forms the angle 7 
with the tangent at the point N. As was the case with cylindrical lightguides 
employing total internal reflection, there is a critical height H,,;4, starting from 
which total internal reflection on the walls of the lightguide is possible from the 
first reflection for rays emitted from the centre of the source. From a geometri- 
cal construction one can find that, for given k, and n, the relative critical height 
herit = Herit/ Rg can be defined by the expression 


1 4(k, -1 
Rerit = ore i) ( Be ett bi (4.20) 


Cc 








For the case n = 1.5 and where 2 < k, < 10, it follows from equation (4.20): 
herit © 1.5ke3 Herit © 1.05 Ry. 
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Figure 4.4: Radial dependence of transmittance in lightguides having k,. = 3. 
The value of h are marked on the curves. (From [192].) 


Where h < herit the aperture angle u; = 90° — y — 6 reduces with increas- 
ing h. As h increases further (for given k.), the aperture angle is practically 
unchanging. From figure 4.1:- 


: 1 1 1 
sin lorit = i cosy = — 1- 72 (4.21) 


It follows from equation (4.21) that here too the principal limits to trans- 
mitted luminous flux do not depend (in the given approximation) on the length 
of the lightguide and the vertex angle of the cone, but only on the value k, . 
The absorption of light in this type of lightguide is calculated in an analogous 
manner to that in cylindrical lightguides (v = 1). 

The computation of the radial dependence of the transmittance T(a) and its 
mean value is complicated, consequently experimental results are of interest. 


Experimental data 


Certain references contain sufficiently detailed data to be compared with the 
dependencies above, primarily those of Matveeva [192, 193]. The character- 
istics of plexiglas lightguides employing total internal reflection made of with 
k. = 1.5, 2, 4 and with various values of h were studied. The source was a 
film of luminous compound based on ZnS(Ag), with a layer of drawing paper 
between the source and the lightguide. In order to compare the data of refer- 
ence [192] with the calculation j(#) must be defined. Treating the propagation 
of light in the dispersive medium (drawing paper) as diffusion allows the esti- 
mation of the angular distribution of light incident on the lightguide (equation 
9.29b). By calculating the form of j(@) the values of T(k-) for the axis of the 
lightguides where H > H,;, can be found and compared with the values found 
by extrapolating the data [192] to H =0. 

For k, = 2 and k, = 4 the agreement is acceptable. The experimental curves 
match the theoretical computation, which was performed for K = 1.0m7!. 

In the same reference [192] the radial dependence of transmission r(a) for 
ke = 3 where h = 1, 2, 4 (figure 4.4) was determined. Curves 1 and 2 are for 
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Figure 4.5: Radial dependence of the transmittance of lightguides having k, = 
2.65. The value of h are marked on the curves. (From [106].) 


heights less than the critical height, which explains the large non-uniformity of 
transmission. Note the high degree of directedness of the source used. 


The transmission of this type of lightguide was investigated in references 
[106] and [298]. The authors of [106] investigated lightguides with R, = 1525mm, 
Rz = 57.5mm (k, = 2.65) and heights H = 50mm (h = 0.87) and H = 125mm 
(h = 2.17). A plastic scintillator irradiated with a narrow collimated beam 
of y-rays from a '8’Cs source was coupled to the lightguide ensuring optical 
contact, thus the light source was essentially isotropic. The dependence of the 
signal on the relative radial position a of the source is shown in figure 4.5. In 
reference [298] the transmission of lightguides employing total internal reflection 
was investigated for isotropic and cosine light sources. Polymethylmethacrylate 
lightguides with the same dimensions as the hollow lightguides (see above) were 
used: R; = 60mm, Rz = 30mm (k, = 2). A sphere containing a luminous com- 
pound of constant action served as an isotropic light source. A Nal(T1) crystal, 
7 x 7mm was used as a cosine light source and was coupled to the lightguides 
ensuring optical contact. In this case the total luminous flux was measured 
with the crystal placed directly onto the photocathode (also ensuring optical 
contact). 


The transmission as a function of a = r/R, was measured for both sources 
given various values of R. The dependencies r(a) and 7(h) where a = 0 are 
shown in figures 4.6 and 4.7. The dependence r(a) permits the calculation of 
Tp(h) shown in figure 4.7. The theoretical calculations for 7(h) where a = 0 are 
shown on the same diagram. 


Observe that using figures 4.2 and 4.7 or the corresponding equations it is 
possible to find the length beyond which the transmission of lightguides employ- 
ing total internal reflection exceeds that of hollow lightguides. 


The relative variance of transmission for a lightguide W,(h) can be calculated 
using figure 4.6. Recall that W, contributes to the resolution of the counter, 
which includes the detector and the lightguide (see figure 4.7). 


By comparing figures 4.4, 4.5 and 4.6 it can be seen that for short lightguides 
the dependence r(a) is decreasing, while for long it is increasing. The more 
directed the light, the greater will be the “transitional height” hp. For an 
isotropic source hy © 0.5herit, for a cosine source hy © heri_ and for a more 
directed source it is even higher. 
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Figure 4.6: Radial dependence of the transmittance of lightguides with k, = 2 
(from [298]). The value of A are marked on the curves. 

Solid lines — conical lightguides. Broken lines — focon. 

a) isotropic source, b) cosine source. 
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Figure 4.7: Transmittance of conical lightguides employing total internal reflec- 
tion. 

Solid line — r(h) where a = 0 for an isotropic (1) and a cosine (2) source. 
Broken line — (3), (4) respectively the same for distributed sources, calculated 
from figure 4.6. 

Broken with dots (5) is W(h) for a cosine source, (a) and (b) are the experi- 
mental results corresponding to curves (1) and (2). 
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Conical lightguides with specular reflectors 


Specular reflectors are used in conical lightguides with low h, such lightguides — s 
being used in a-particle counters (see, for example, [273]). For this type of 
construction, h = 3, ke ~1.5-3 are typical. As an example, lucite lightguides 
wrapped in aluminium foil, were used in a system for the detection of high 
energy neutrons which comprised 32 liquid scintillation counters [219]. Each 15 
counter was coupled to a 45mm diameter photomultiplier by 80mm long light- 
guides of this type. The use of these cylindrical lightguides eliminated radial 19 
non-uniformity. 


4.3 Diffusing Concentrating Lightguides 


4.3.1 Characteristics of Diffusing Concentrating Lightguides 
23 
Diffusing lightguides coupling a scintillator light source to a receiver can be 


either solid or hollow. The advantages and disadvantages of both types have 25 

been discussed on page 37. 27 
Since light in these systems is reflected many times from the radiator-scintillator 

(or the reflector surrounding it) there are no general limits to the concentration 

of light, as was shown in section 1.5. This can be illustrated by a computation 1 

similar to that given on page 29. Employing this method similarly to page 64 

(sphere photometer equation), it is easy to show that here 


M 
a (4.22) 
a+ Qos, 


where @- is the surface area of the lightguide; a and apo are the light absorp- 
tion coefficients for the source and the lightguide. Where ap > 0; € > M/a. 
The transmittance of a concentrating diffusing lightguide can be computed in page 113 
exactly the same way as for a constant section diffusing lightguide. However, 3 
the non-uniformity of transmission is more significant for concentrating light- 
guides. It is largely determined by the varying contribution of direct light from 5 
the source to the transmittance (greater than for constant section lightguides). 
This contribution is determined by the relative solid angle wo(x,y) at which the 
receiver is visible from points x and y in the plane of the input end of the light- 
guide. For solid lightguides it is also necessary to account for light absorption 10 
in the lightguide following equation (3.53), and assuming 


So 


i 5, +$.+Q° 


(4.23) 


Applying equation (3.53) to an air lightguide which concentrates light from a 
transparent scintillator (for example, a slab of plastic scintillator [69]), ¢ is taken 
as the probability of absorption within the scintillator. For solid lightguides t 19 
characterizes absorption in the scintillator and the lightguide. 21 
For wo < 1, the second term in (3.53) depends weakly on x and y and 


Ar & A(w0ot). (4.24) 


To determine the mean value of the transmittance T = Tp, the mean solid angle 24 
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Figure 4.8: Illustration of a detector with an area of 4m? using variable thickness 
(from [269]). The numbers are the thickness of the detector in cm. [Russian 
annotation. “Plastic Scintillator Sheets”, “PMT” | 


for direct light must be determined (see section 1.6). 

From (3.53) and (4.23), for given S; and So, the areas of the scintillator 
output window and of the photocathode respectively, Tp will be greater, the 
shorter the lightguide [reducing Q in equation (4.23)]. However, shortening the 
lightguide leads to Atjy growing faster than 7, and an increase in the non- 
uniformity dt = Ata /Tp- 

Concentrating lightguides are most commonly circular cones to match the 
shape of photocathodes (see, for example, [168, 106, 219, 61, 95]). Other surfaces 
of rotation have also been used: cylinders with an aperture in the base [69, 
51, 53], or, more rarely, hemispheres with an aperture in the pole [170, 39]. 
If the scintillator is formed as a rectangular slab, pyramid shaped lightguides 
(69, 269, 197] (figure 4.8) and parallelepiped lightguides [49] are used. In 
certain cases more complex shapes have also been used [51, 328, 87, 57]. 

In cases where the rate of events detected is not great it is very important to 
reduce the background of the system. This can be done by using several photo- 
multipliers as the receiver, the outputs of which are combined in a coincidence 
circuit. Detection occurs when pulses are received from all the photomultipliers 
simultaneously, which effectively excludes the contribution of photomultiplier 
noise [197]. 

Note that the configurations used in references [323, 87, 132] can be con- 
sidered as “packaged scintillators”. Since absorption in the scintillator plays 
a lesser role in these systems than loss in the reflectors they can be treated 
as scintillators with concentrating lightguides. A survey of the applications 
of concentrating lightguides in cosmic ray detectors is given in the article by 
Abrosimov and Blokh [2]. 

The basic dependencies of diffusing concentrating lightguides are 7,(h) and 
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OTcen(h) or even dTeen(Tp) at a given k,. They can be found most simply for 
air lightguides (t + 1). Here, expression (3.53) becomes (3.54). If, as in the 
majority of cases 


Go = = <1, (4.25) 


then tT ~ 7’ and 





Awo cen | Aw cen 
7! : 


(4.26) 


OTcen © 26Ty & 
TO 

Concentrating diffusing lightguides have been used to couple cylindrical 
sodium iodide crystals and plastic scintillators to photocathodes. Common 
practice is to use solid cones with k, ~ 1-2 (see, for example, [106, 182]. 
Lightguides of various shapes, both solid and hollow, have been employed in 
a-particle ratemeters [21, 273, 53, 57]. Hollow diffusing lightguides are widely 
used in cosmic radiation counters to couple detectors of large area (both plastic 
and liquid scintillator) to a photomultiplier. Since the refractive index at the 
output window of the scintillator undergoes a transition, the coefficient of light 
output from the slab 7 must be calculated. For a polished slab with a reflector 
of reflectance p on the side opposite the photocathode: 


# = 5 (1+ p)(1 — e089) = (1 + pyro. (4.27) 


If this side is covered with a diffuse reflector (painted), then 


pTa(1 — Ta)t? 
' 1 —pP(1—7%)' 





T =Tot (4.28) 

In section 1.3.2 it was shown that in both these cases the angular distribution 
of light emitted from the slab is close to a cosine distribution. 

In addition to hollow diffusing concentrating lightguides, solid guides (in 
practice only conical) also find uses. Their advantage, as with solid cylindri- 
cal lightguides, is that they ensure optical contact between the photomultiplier 
and the scintillator. For the majority of packaged scintillators the ratio of light 
output in optical contact and without it is of the order of two. Consequently, 
it is useful to employ solid lightguides when absorption in the material of the 
lightguide does not exceed this value. The limiting dimensions can be estimated 
from equation (3.53). Where K ~ 1.0m~, it is useful to employ solid concen- 
trating lightguides up to lengths 100-200mm. When estimating the uniformity 
of transmission of solid concentrating diffusing lightguides the same considera- 
tions are applicable as with hollow guides. However, because of additional light 
losses caused by absorption in the material, the relative role played by direct 
light is larger and correspondingly the non-uniformity of light collection is larger 
for the same transmittance. 

In the use of similar lightguides for the coupling of Nal(Tl) crystals to a 
photomultiplier a construction is usually chosen which gives the best resolution. 
There is an optimal length of lightguide [79] since while transmission reduces 
with increasing length, the uniformity improves. 


4.3.2 Conical Lightguides and Other Surfaces of Rotation 


Conical concentrating diffusing lightguides are among the most commonly en- 
countered. In order to apply equations (3.54) to them f is defined (figure 4.9): 
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Figure 4.9: The computation of a conical diffusing lightguide. Ray 1 is reflected 
from the walls, ray 2 from the scintillator. 








= m7R3 = 1 ; (4.29) 
~ wR? +0R2 +ql(Ri+ Re) k2+1+1(ke +1)’ 
cos” 6 


For an isotropic source n = 3, kj; = 1, for a cosine source n = 4, kj = 2. In 
many practical applications k, > 1, p < 0.9 and the following ratios are found: 











1 

f = gall + ese) (4.31) 

’ P p 
= a 4.32 
"= G=peUtecs)te~ O-amtecsy 4) 

k,; (I. cos” 

ATcen = |wo cen — WO edge| = milfoos" 8). (4.33) 
Tcen = Wocen + 7 =, ang + g); (4.34) 

; 1— 
gh ae Deen k; tan? B(1 + ese ays p) (4.35) 

qT! 20 


(Here wo cen and wo edge is the value of wo in the centre and at the edge of the 
input end; Teen is the value of 7 in the centre; A,¢ is the maximum value of 6). 
1y2 
Th Oe) on £ is shown in figure 4.10. 
Using figure 4.10 and equation (4.33) the dependence of the non-uniformity 


of light collection 67¢en on the lightguide parameters 3 and p can be constructed: 


The dependence of Tes ¢ = 








A t= W0 edge 1 — cos” 
OTcen — oes = ae = i z (4.36) 
Tcen 1+ ida Es 1+ a 


which is shown in figure 4.11. It follows from figure 4.10 and 4.11 that the 
reduction of non-uniformity of light collecting 67,¢, is linked with the reduction 
of the light collection coefficient. However the change of 6Tcen happens much 
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Figure 4.10: The dependence of the characteristics of a conical diffusing light- 
guide on its parameters: 1, 2, 3 — dTcen for p = 0.7; 0.8, 0.9; 

(line) — isotropic source (broken) — cosine source 4 — Te ff 

[Russian notation: {-degrees] 
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Figure 4.11: The dependence of the characteristics of a pyramidal diffusing 
lightguide on its parameters (cosine source): 1, 2, 3 — dTcen for p = 0.7, 0.8, 0.9; 
4, 5, 6 — g6°* for p = 0.7, 0.8, 0.9; 7 — Ter ¢ 

[Russian notation: (-degrees] 
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faster than the change of 7. For this reason, when counters are being designed, 
after k, and p have been determined, and 8 has been computed, the value of 
OTcen Should be considered. 

In a more accurate computation one should take into account that the re- 
flectance peng of the input end of the lightguide (the scintillator) is usually less 
than the reflectance of the walls p. Indeed, if a polished slab shaped scintillator 
is used, one should take into account the absorption of reflected light where it 
re-traverses the scintillator (ray 2 in figure 4.9). If the slab is painted on one side 
(or liquid scintillator fills the bottom of a white container) then the reflectance 
will be pena * T (see page 166). 

The mean reflectance is 


PendS1 + pQe = Pend + pesc B 
Sit+Qe 1+ csc 8 





p= (4.37) 

As previously explained, of the other diffusing light concentrators the com- 
monest is the cylinder 7, with the photomultiplier located in the centre of one 
of its ends. Clearly, with the same values of Ri, R,, H and p a conical light- 
guide has the best transmission of all concentrators in that its total surface is 
the smallest attainable. Correspondingly, it has the minimum non-uniformity 
of transmission. Despite this cylindrical lightguides are employed on occasion 
because of ease of construction. 


4.3.3. Pyramidal Lightguides 


Lightguides shaped as rectangular pyramids are used to couple square slab 
shaped scintillators to photomultipliers. Such constructions are particularly 
suitable if an area is required to be carpeted with detectors [252, 12]. The laws 
of light collection are the same for them as for cones. In practice truncated 
pyramids which have the photomultiplier photocathode located on the small 
end are used. 

Designating the side of the large end as 2a, and introducing the quantities: 











b 2 
Ro wr a =tan6; tandjy = ove = 14Atan~. 
Then 3 
4k? (1 + esc B) 
3p 
_~ : 4.39 
r A(1 — p)k2(1 + esc B) 299) 
For a cosine source 1 
PAVPHSS cs (4.40) 


W0 cen = (1 + 4tan? 6° 


In this way, using equations (4.36), (4.39) and (4.40), the dependencies 7, ¢ ¢(), 
OTcen(Bp), g6°*(B) can be constructed (see figure 4.11). 





2Note that cylindrical or parallelepiped shaped diffusing lightguides in which the receiver 
forms part of the output end are concentrating, in contrast to similarly shaped specular 
lightguides. This is a consequence of the fact that light reflected from the white part of the 
output end may subsequently return and strike the receiver. This effect is usually negligible 
for specular lightguides. 
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In the same way as in the case of a conical lightguide, it is useful to consider 
the value 6Tcen the attainable value of » when designing a counter. The 
remaining characteristics can be found by means of these parameters. 


4.3.4 Experimental Data 


When constructing large area counters with concentrating lightguides, the rela- 
tive non-uniformity of light collection has usually been determined experimen- 
tally. In general, this parameter can be used to estimate experimental results 
and to improve designs. However, not all designs allow the possibility of analysis 
and generalization. Khabakhpashev and Tseluikin [168] investigated the trans- 
mission of lightguides with the values k, = 2.6; h = 2 and k, = 1.72, h = 1. 
Since plastic scintillator with a thickness comparable to the height of the light- 
guide served as the light source, the values of 67 which were found were con- 
siderably less than for a lightguide with a light source in the plane of the input 
end. 

Comparison of references [170, 106, 87, 132] shows that the values of d7Tcen 
for similar designs can be found approximately from the graphs in figure 4.11 or 
using the corresponding equations. An examination of the above equations was 
performed in reference [223] using an arrangement similar to that of figure 4.9. 
A square slab of plastic scintillator with 2b, = 100mm, d = 10mm served as 
the scintillation source and this was excited by a narrowly collimated (diameter 
< 5mm) beam of §-particles from a 9°Sr+°°Y source. A comparison of the 
experiment with the computation according to equations (4.38)—(4.40) showed 
them to be in satisfactory agreement. 


4.3.5 Some Methods of Reducing Non-uniformity of Trans- 
mission 


The most obvious method of reducing the non-uniformity d7,¢,, is the reduction 
of the transmittance for the central section of the slab. In reference [314] this 
was done by drawing concentric circles of black india ink on the disc to render 
the transmittance uniform over the whole area of the lightguide input end. A 
similar method was used in reference [172]. In both cases the areas which were 
blackened were chosen experimentally. 

The non-uniformity of light collection from slabs used to measure penetrating 
cosmic rays can be compensated by using detectors of varying thickness. Non- 
uniformity was eliminated in a cosmic ray detector of area 4m? using a pyramidal 
light collector by this method [269]. The scintillator was a mosaic of sixteen 
individual sheets of plastic having trapezoidal section (see figure 4.8). The 
thickness of the sheets is indicated on their corners in figure 4.8. The sheets 
were arranged so that the scintillator was thickest at the corners and thinnest 
in the centre. The housing was coated with white paint of reflectance p + 0.9. 
Uniformity of light collection +5% was attained. 

In reference [61] a tank with a convex base was filled with liquid scintilla- 
tor was used to achieve the same effect. However, full compensation was not 
achieved and the non-uniformity amounted to 30% since the change in depth 
was insufficient. Figures 4.10 and 4.11 allow the variation in thickness to be 
determined correctly. 
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Since the non-uniformity of light collection is primarily determined by the 
direct light a number of authors have designed light collectors in such a way as 
to eliminate direct incidence with the receiver [69, 95, 201, 223, 4, 68]. Strictly 
speaking, such arrangements should not be classified as concentrating light- 
guides, however their applications and functionality are similar. The optimal 
uniformity of light collection is gained at the cost of a reduction of the signal. 

Detectors using this principle were used in a system to measure the particle 
flux density in extensive air showers [95]. A single detector consisted of a 1.0 x 
1.0 x 0.1m scintillator sheet lying on the floor of a light proof 1.0 x 1.0 x 0.35m 
casing with a reflecting interior surface. A FEU-45 photomultiplier, viewing 
the roof of the casing, was mounted in a central aperture of 200mm diameter. 
A similar method was used in [212] for the collection of light from a 500 x 
500mm mosaic of CsI(Na) crystals forming part of a system to study the charge 
composition of cosmic radiation (figure 4.12). | With the mosaic comprising 
nine squares the signal in the centre was 15% less than in the squares at the 
corners. 

One of the ways of reducing d7,¢, to the required value is the use of light- 
guides having sufficiently small angles @ (see figures 4.10 and 4.11). This method 
is convenient in those cases where there are limitations on the vertical dimen- 
sions of the counter. 
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Figure 4.12: Diagram of a system for measuring the charge composition of cos- 
mic radiation. 1 — photomultiplier; 2 — 6.4mm thick plastic scintillator slab 
detectors, to determine the geometry; 

3 — 12.7mm thick lucite Cherenkov detector; 4 — lightguides made of lucite; 

5 — spark chambers to determine the particle trajectories; 6 — light diffusion box 
with CsI(Na); 

7 — CsI(Na) slab 3mm; 8 — electron cascade detector formed from plastic scin- 
tillator slab (6.4mm) and tungsten sheets (3mm); 

9 — ionization calorimeter formed from a slab of plastic scintillator (6.4mm) and 
sheets of iron (26mm) [212]. 
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Chapter 5 


Shape Transforming 
Lightguides 


In many configurations the output window of the scintillator is not circular and 
a lightguide which transforms the cross sectional shape of the beam must be 
employed. It may be that the cross sectional areas $ , the output edge of the 
scintillator, and S5, the receiver, are equal and a constant section lightguide 
which transforms the shape of the beam can be used. It follows from Straubel’s 
theorem [see (1.50)] that a constant section lightguide, regardless of shape, can 
in principle transmit the totality of the luminous flux. To what extent this can 
be achieved in practice requires experimental investigation. 

Note that a lightguide for which Sg > S$; must have, generally speaking, 
the best transmission. Lightguides which transform the shape and reduce the 
section of the beam (2 < $1) are also employed. 


5.1 Adiabatic Lightguides 


In 1952, Garwin [108] was the first to investigate the transmission of light from 
the rectangular output edge of a detector to a (circular) photocathode. He con- 
cluded that provided there was a slow (adiabatic) change in the cross sectional 
shape of a lightguide employing total internal reflection, that is where the cross 
sectional area was constant, the aperture angle and the angle of incidence with 
the walls would be maintained. In principle, this would ensure the transmis- 
sion of a luminous flux which was initially distributed within the critical angle 
determined by the laws of total internal reflection. If the cross section of the 
lightguide was reduced in an adiabatic fashion the fraction of the luminous flux 
transmitted would be 52/5; (such lightguides are often described as “quasi- 
adiabatic” [73]). Since then, adiabatic lightguides have been widely employed 
to link the narrow edge of a slab to a photomultiplier photocathode. As adi- 
abatic lightguides are most commonly trapezoidal, in order to obtain constant 
cross section the larger surfaces should, strictly, be of hyperbolic shape [125]. 
Subsequently lightguides of approximately constant cross section were manu- 
factured, usually in a wedge shape. Wedge shaped “fish tail” [73] lightguides 
have been extensively used both as constant section lightguides and as reducing 
lightguides. They are usually made from polished conical stock (figure 5.1 [80]). 
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Figure 5.1: Wedge shaped lightguides (a) and trihedral prisms (b) (from [80]). 
Author’s terminology. 


The characteristics of counters comprising an adiabatic lightguide and a slab 
are considered in chapter 6. Here, the uniformity of light transmission for the 
case of a source in the plane of the input edge of the lightguide will be briefly 
discussed. 

Ignoring absorption in the material of the lightguide and surface scattering, 
the characteristics of transmission of an adiabatic lightguide are determined by 
the relative height h = H/Ro, the ratio k, of the length of the input edge 2b, to 
the diameter of the output end 2Re2 and by the relative coordinate of the source 
Ep = £/b,p. This is valid both for adiabatic and for quasi-adiabatic lightguides. 
The mean transmittance of such lightguides also depends on the ratio $9/,$1. 

The literature contains no systematic experimental data on the dependence 
of the transmittance of adiabatic and quasi-adiabatic lightguides on the param- 
eters mentioned. There is also no data regarding values of h which are sufficient 
for given k, in order for a lightguide to be considered adiabatic. 

Some information can be found by examining slab shaped counters which 
used these types of lightguides. Barnaby and Barton [32] investigated the appli- 
cability of the adiabatic theory to counters with lightguides of various lengths. 
They found that short lightguides did not provide uniformity of light collection. 
According to their data, transmission only constituted 50% of that which had 
been computed, a fact that they attributed to losses in the lightguides. 

Using the data of Krivitsky [176] for a counter having a lightguide with 
ka = 3.1, h = 7 the non-uniformity over the input end can be found ! dtTcen = 
dT, equal to 0.5. Denyak [80] investigated constructions of the type shown in 
figure 5.1 (ka = 4), measuring the transmission of light from an EC-1 source. 
Figure 5.2 shows their results. As expected, the non-uniformity of transmission 
decreases with increasing h. 

The data on the relative non-uniformity and variance of transmission found 
from figure 5.2 are as follows: 


h 2.7 4.7 6.7 10 
Teen 0.9 06 06 0.3 
W, 1.0 0.33 0.36 0.25 





lLight reflected from the edge of the slab opposite the photomultiplier has been ignored. 
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Figure 5.2: Transmission characteristics of lightguides (from [80]). (a) — con- 
stant section lightguides; (b) — triangular lightguides, d = 8mm; (c) — triangular 
lightguides, d = 30mm. Authors’ terminology. [Russian annotation: Imax | 


The existence of a section having a constant value of 7(€,) was noted. It was 
found that the uniformity of light collection in this sense was at its optimal at 
height h determined by 


h = (ka + 1) tany (5.1) 


Note that the value h corresponds approximately to the critical height deter- 
mined by equation (4.20). 


From the above it is clear that by using adiabatic (or quasi-adiabatic) light- 
guide of sufficient length a high level of uniformity of transmission can be at- 
tained. 


Data on the transmittance of adiabatic and quasi-adiabatic lightguides is 
also very sparse. Gorenstein and Luckey [125] estimated the transmittance of 
an adiabatic lightguide with h = 9.5, ka = 18 at 12% for light entering the light- 
guide from a plastic scintillator having no optical contact with the lightguide. 
Such large losses must probably be ascribed to the thinness of the lightguide 
(the output edge of the slab had a relative thickness of a, = 1.5 x 10~*) and 
to production defects. The results were similar for a wedge shaped lightguide 
and one with hyperbolic surfaces. Crabb [73] compared the characteristics of 
counters with lightguides of various types. A slab was used, the output edge 
of which was 457 x 6mm (a, = 1.3 x 107°), the photocathode diameter was 
44.5mm and & the length of the lightguide was 500mm. The transmission of 
a wedge shaped quasi-adiabatic lightguide (h = 20,k, = 20) was estimated at 
0.32/51, losses being ascribed to production defects. 


To reduce light losses in adiabatic and particularly quasi-adiabatic light- 
guides they are frequently furnished with specular reflectors (for example, mir- 
rors [75]) and commonly the entire counter is wrapped in aluminium foil or 
aluminized film [1, 10, 135]. 


Adiabatic lightguides can be curved provided that this is done with a suffi- 
ciently large radius of curvature. By doing this, lightguides of significant length 
can also be used in those cases where the clearance of the counter in the plane 
of the slab is limited (see figure 4.12). 
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5.2 Triangular Lightguides 


Lightguides shaped as trihedral prisms (“triangular” or “plane” lightguides) 
are frequently used to couple the narrow edge of a slab to a photocathode. 
These transform the beam from a rectangular shaped source (b, >> ap) into 
a beam of square section 2a, x 2ap, entering the photocathode. So triangular 
lightguides are concentrating lightguides. Commonly such lightguides like this 
are fabricated by sectioning conical stock as shown in figure 5.1. It is to be 
expected that the transmittances will be less than those of adiabatic lightguides 
for the same values of k, and h. The ray paths at the larger section of a 
triangular lightguide can be shown in a diagram similar to figure 4.1, while at 
the smaller section a diagram similar to figure 3.3 can be used. At these sections 
the beam is limited by the angles 


F lym ij T 
Ucrit © ie (5 _ 7) > Uerit © 2 mee 
c 


480 


The transmittance for an isotropic source and n = 1.5 can be approximated 
Qul.,2u 2 
~ crit crit = cos y= 


by: 
2 1 
Qn The The (1 - =) , 3:2) 


The transmission of adiabatic lightguides and lightguides in the shape of 
prisms have been compared in a number of references devoted to the investiga- 
tion of slab shaped counters. Crabb [73] compared the transmission of a quasi- 
adiabatic lightguide (see page 105) and a triangular lightguide. The latter had 
an output edge 12.5mm thick (rather than 6mm for the adiabatic lightguide). 
The difference in the transmission of the lightguides proved to be small. Piroue 
[222] compared the light transmission of a triangular lightguide, an adiabatic 
lightguide and a strip lightguide (see section 5.3). In reference [116] it was found 
that coupling the end of a plastic scintillator 12.5 x 2.5mm to a 50mm diameter 
photocathode using a triangular lightguide 16mm thick and about 150mm long 
gave a signal approximately 20% less than an adiabatic lightguide. However, the 
cost of the triangular lightguide was ten times less, a point which is important 
when there are a large number of counters in the installation. 

The uniformity of transmission of triangular lightguides was investigated in 
reference [80]. Two groups of lightguides with Ro = 30mm, 2b, = 120mm, 
H = 40-150mm (k, = 4) were considered. The thickness of the lightguides 
was 2a, = 8mm and 2a, = 30mm. The data on the relative non-uniformity 
and fluctuation of transmission for lightguides with 2a, = 8mm (according to 
figure 5.2) are as follows: 








h 2.7 4.7 6.7 10 
OTcen 0.82 0.50 0.44 1.19 
W, 0.62 0.28 0.23 0.10 


As was found for constant section lightguides, in reference [222] an increase 
in the uniformity of lightguides at lengths given by equation (4.20) was discov- 
ered. For lightguides with h = 10.5, ka = 5, @p = 6.5 x 1073, R = 20mm, 
Tonapetyan [281] found the value W,; = 0.20 with a drop in the transmission 
from the axis to the edge (excluding light reflected from the remote edge of the 
slab). It would appear that the non-uniformity of transmission depends on light 
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losses in the lightguide as well as absorption and scattering on the surfaces, 
consequently, it must also depend on the absolute dimensions of the lightguide. 


5.3 Twisted Strip Lightguides 


In 1963 Gorenstein and Luckey [125] introduced a coarse form of fibre optics to 
link slabs with photomultipliers. To couple the output edge of a 406 x 6mm slab 
to a photocathode 50mm in diameter, they used eight separate small plexiglas 
strips of size 457 x 50 x 6mm, each of which was joined at one end to the edge 
of the plastic scintillator (in order to ensure roughness/rough surfaces a strip 
400 x 60 x 6mm was attached to the eight ends). 

From the output edge of the slab the strips were twisted and brought together 
so that the far end of the lightguide formed a square 50 x 50mm. According 
to the authors estimation, the lightguide transmitted approximately 25% of the 
light radiated by the output edge of the scintillator. It did not have optical 
contact with the lightguide (the losses would probably be significantly higher 
for a scintillator in optical contact due to the greater aperture angle subtended). 
The authors suggest that by more thorough glueing and polishing they could 
increase transmission considerably, since each individual strip transmitted 70% 
of the light entering it. 

In reference [73] lightguide about 500mm long was studied which transmitted 
light from the output edge of a plastic scintillator 457 x 6mm to the square input 
end of an additional concentrator 50 x 50mm. The lightguide consisted of nine 
strips and, together with the plastic scintillator, it was wrapped in aluminium 
foil. The transmission of this lightguide for light leaving a plastic scintillator in 
optical contact with the lightguide was found to be 0.6. Losses were ascribed to 
the bending and twisting of the strips. The transmission of the strip lightguide 
was approximately three times greater than the transmission of an adiabatic 
lightguide. 2-3 times better transmission was also recorded in reference [210]. 
Piroue [222] found the ratios 5 : 1.8: 1 for the transmission of a strip lightguide, 
an adiabatic lightguide and a triangular lightguide. 

The method of manufacturing strip lightguides is described in reference [84]. 
It is important that all the strips should have approximately the same “degree 
of twisting” [183]. 

In constructing strip lightguides the method of coupling them to the receiver 
is important. References [149, 322] suggested the use of a solid parabolic focon 
for this purpose. In doing this the authors proceeded from the fact that the 
flux of light in a strip lightguide lies within a cone of aperture angle uj = 
%—+, sinu; = cosy. ? From this and applying equation (1.50), they found : 


S2/S1 = sin? uy = (n? — 1)/n?. (5.3) 








For n = 1.5, y = $1/S = 1.8; Ro/R, = 0.75. 

This solution is, strictly speaking, irregular, since it is based on a view 
which takes place only in the section perpendicular to the edges of the slab (see 
figure 3.13). Since the elementary beam does not have axial symmetry, equation 
(5.3) cannot be applied. 





?The transmission of the strip (rectangular bent lightguide) is 33% for an isotropic source 
at the entry to the strip with unity flux over the angle 27, and 50% for light emitted from a 
scintillator slab. 
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Figure 5.3: Coupling a strip lightguide to a photomultiplier by means of a con- 
centrating light collector. (From [149].): 1 — photomultiplier; 2 — concentrating 
lightguide; 3 — strip lightguide; 4 — scintillator. 


The aperture angle 0,7 of the “equivalent cone” [see equation (3.80)] is 
greater than u; (for example, for n = 1.5 : uy = 49°, O47 = 60°). However, 
when total internal reflection is incomplete, losses rise rapidly with increasing 
angle between the ray and the axis, the practical aperture angle of the rays at 
the output from the strips is, seemingly close to the value given by the authors. 
They suggest the system shown in figure 5.3, in which all joints are made in 
optical contact and the surface of the focon is aluminized. Its transmittance 
was estimated as 95%. 

Reference [84] presents a construction containing an additional concentrat- 
ing triangular lightguide which couples into a cylindrical lightguide, of the same 
diameter as the photomultiplier. Dimensions are chosen so that the tangents 
to the extreme strips intersect in the centre of the photocathode. This gives a 
material improvement in uniformity in comparison with cones of simpler con- 
struction. 
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Part II 


Transparent Scintillators 


113 


115 


In this section scintillators are considered for which the photon scattering in- 
teraction length is considerably greater than the mean dimensions of the scintil- 
lator. Scintillators are divided into specular and diffusing scintillators according 
to the conditions of reflection at the surfaces. 

In a number of references (for example, [32, 69, 99, 242]), qualitative at- 
tempts were made to formulate a principle for the choice of specular or diffuse 
reflection. Clearly the choice of the type of reflection must be made after the 
type of scintillator, its shape and dimensions have been chosen according to 
the task being undertaken and the experimental conditions. Here numerical 
estimations become possible. Note that frequently the optimum solution is to 
use scintillators employing combined reflection. In addition to the conditions 
of reflection at the surfaces of the scintillator, the collection of light from the 
scintillator depends greatly on the means used to couple the scintillator with the 
photocathode. To increase the coefficient of light collection optical contact is 
usually established between the output window of the scintillator and the pho- 
tocathode. However, optical contact often leads to a degradation of the light 
collection uniformity and to various technical difficulties. In Part II techniques 
are described to estimate the light collection for differing conditions of reflection, 
coupling to the photomultiplier, etc. In many cases the problem of light collec- 
tion must be solved for volumetric (three dimensional) scintillators having three 
comparable dimensions. “Large area” detectors are also widely used, in which 
one dimension is significantly less than the other two. For “two-dimensional” 
detectors, the spatial distribution of light collection over the area of the de- 
tector is often of interest. More rarely, detectors are encountered having one 
dimension significantly greater than the other two, effectively “one-dimensional” 
scintillators. In this case it is usual to investigate the light collection coefficient 
as a function of the distance between the region of stimulation and the receiver. 
As has been shown, a solution of the problem of light collection in scintillators 
requires the determination of the light collection coefficient for each point on 
the scintillator. Regardless of how the detector is packaged (and whether it 
is packaged or wrapped at all), the scintillator can be considered as a cavity 
with reflecting walls, and the output window as an aperture o. Considered in 
this way, the problem of light collection is similar to a problem of theoretical 
photometry: the determination of a fraction of a luminous flux emitted through 
the aperture of a cavity [246]. It possesses, however, a number of distinguishing 
features, primarily that the distribution of the light collection coefficient over 
the volume of the detector (the cavity) is of relevance in scintillation detectors. 

The generalized problem of light collection from a cavity is considered in 
reference [263], where a general equation for light collection is found. By insert- 
ing into this equation the specific reflection distribution, the integral equations 
for the light collection coefficient for different types of detector can be found. 
Thus, for specular scintillators the specular image method may be derived from 
this equation and for a diffusing scintillators (using a number of simplifying 
assumptions) the sphere photometer equation may be derived. 
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Chapter 6 


Scintillators with Specular 
Reflection 


In certain circumstances scintillators with specular reflection or scintillators with 
polished surfaces (“specular scintillators”) possess advantages over scintillators 
with diffuse coating in terms of light output and its uniformity over the volume of 
the scintillator. Similarly to lightguides, they are preferred when there is a large 
relative length, however, even in the case of short detectors, polished surfaces 
have a number of virtues. For the detection of short range radiation (a- and 
G-particles, long wave X-ray radiation), polishing or cleaving make it possible 
to produce a cleaner surface than moulding or casting. Further, detectors with 
polished walls allow a relatively straightforward computation of light collection, 
which makes it possible to calculate the mean light collection coefficient of a 
scintillator of given dimensions. This is important for the normalization and 
calibration of scintillators and for the calculation of their energy output. 

Scintillators with specular walls are most commonly shaped as cylinders and 
parallelepipeds. The convenience of cylindrical scintillators is that they are 
easily coupled to photomultiplier photocathodes. Parallelepipeds (slabs) are 
normally used where detectors with a large detection area and constant thickness 
are needed. Polished scintillators of different shapes are also used, typically 
truncated cones. Scintillators with polished surfaces without reflection, with 
specular reflection at the end and surrounded by a specular reflecting surface 
are used. 


6.1 “Trapped Light” in Specular Scintillators 


Relatively early it was shown [118, 255] that specular scintillators employing 
total internal reflection and having high symmetry, do not in principle allow 
all the scintillation light to be extracted. Symmetry of the reflectances at 
the surfaces is a consequence of geometrical symmetry. Scintillators avoiding 
optical contact are an important case. Due to total internal reflection a fraction 
of the rays are trapped within the scintillator and the remainder are emitted 
through the surface, though this fraction is not emitted in its entirety in the 
direction of the photocathode. Consequently the light collection coefficient can- 
not in principle achieve unity. The use of an external reflector (avoiding optical 
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Figure 6.1: Light escape cones from a parallelepiped (only four of the six cones 
are depicted). 


contact with the scintillator) can increase the fraction of light incident on the 
photocathode, but has no influence on the fraction F, which remains trapped 
within the scintillator. If there is optical contact between the scintillator and 
the photocathode this will destroy the symmetry and reduce F,. 

If a photomultiplier is optically coupled (directly or via a lightguide) to a 
small area of the surface of a symmetrically shaped scintillator having refractive 
index no < 1.5, then the trapped light will strike the photocathode and, in the 
absence of absorption in the scintillator (K = 0), the light collection coefficient 
will approach Fj. 

In some cases it is important to know the fraction of light tg = 1—- Fy 
(total light collection coefficient) emitted by a scintillator over the totality of 
its surface and where the relative refractive index is identical at every point of 
the surface. By using a photomultiplier of sufficient diameter and a reflector, 
light collection coefficients close to tg can be attained [313]. The value tg 
has been calculated for several simple symmetrical geometric solids; reference 
[255] gives Fi, for a sphere, a parallelepiped and an infinite slab, while reference 
[15] gives it for a cylinder. In both these references the following assumptions 
are made: 1) there was no absorption of the scintillation light; 2) the solids 
were homogeneous, isotropic and had no scattering centres; 3) the surfaces were 
perfect; 4) the ratio of the wavelength \ to the mean dimensions of the solid 
was so small that geometrical optics were applicable. 

The processes which lead to the trapping of light are easier to understand in 
the case of a parallelepiped (figure 6.1). All rays which do not undergo total 
internal reflection lie within six escape cones with apexes at P (the source of 
scintillation), having axes perpendicular to the edges and having vertex angles 
27 where y = sin7! ane Rays incident with the plane and lying outside one 
of the cones (for example, the ray PA, incident with the plane perpendicular 
to z), will still be outside the cone even after reflection so it will not escape 
from the scintillator and will remain trapped. Where no < (3/2)!/? = 1.225 the 
half angle of each cone is so large that there is no direction left from point P 
which does not lie within at least one of the cones, and in this case F, = 0. If 
no > 2!/? = 1.414 the cones do not overlap one another. 
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Figure 6.2: The dependence of the fraction of trapped light F, on the refractive 
index of the scintillator [15, 255]: 1 — parallelepiped; 2 — sphere; 3 — cylinder. 


The fraction of light in each of the escape cones is: 
1 
Wy = 5 —cos7). (6.1) 
Consequently, where no > 1.414: 
Fy =1- 6w, = 3cosy— 2. (6.2) 


From figure 6.1 it can be seen that the amount of light trapped in a paral- 
lelepiped does not depend on the point of scintillation. References [118, 255] 
identify that a parallelepiped is the only solid which possesses this characteristic. 
The dependence of Fy, on the relative refractive index at the interface between 
a parallelepiped scintillator and its surrounding medium is shown in figure 6.2. 

F',(no) is also calculated for a sphere (see figure 6.2) in reference [118]. 

Reference [15] gives F.,(no) for a cylinder (see figure 6.2), and also the equa- 
tion for the fraction of light which escapes through the end and side surface of 
the scintillator: 


Tend = 1 — (ng — 1)'/? /no; Tside = (6.3) 


3 
S| 7 


Clearly: 
Tend + Tside = 1— Fy. (6.4) 


Note that Teng does not depend on the coordinates of the scintillation flash but 
the output through the side surface Osiae/472 does depend on the coordinate of 
the scintillation, and Tside = Osiae/47 (see pages 52-56). 

Brini [54] showed that light trapped in a cylinder has two components: 1) a 
constant fraction which does not depend on the relative radial position a of the 
source; 2) a fraction which dependent on a. The first fraction is determined by 
the luminous flux lying between the angles 4; and 2: 

1 11 


1 
6,=y=sin1—; 0.=—-—y=cos!—. (6.5) 
no 2 no 


Indeed, rays with @ in the interval [61, 62] strike the surface of the cylinder at 
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an angle greater than the maximum angle, independent of the position a. 

The second fraction depends on a in as far as light output through the 
side surface depends not only on the angle @, but also on the azimuth angle. 
Considerations similar to those on pages 52-56 led Brini to an equation for 
trapped light: 


9 1/2 
i i —~a2a 2 
oe eae 1 fe _ y dv (6.6) 
aan ne 0 (1 — a? sin? 9)1/2 , 
0 
For no = 1.5 the value Fy varies from 7.9% where a = 0 to roughly 50% where 


a=1. The value of F, according to the equations of reference [54] for various 
values of no is calculated in reference [102]. 





6.2 Cylindrical Scintillators and Other Solids of 
Rotation 


6.2.1 The Application of Scintillators Shaped as Solids of 
Rotation 


The most commonly encountered axially symmetric scintillators using specular 
reflection are cylindrical using for the most part plastic and liquid scintillator. 
Such scintillators are usually specified as, for example, 25 x 63mm, where the 
first number gives the diameter D and the second the height H. 

Polished cylinders are produced industrially as standard components which 
can be used directly in a counter or as components in the assembly of a detector 
of simple shape (see for example, [210, 264]). In the latter case the form of a 
polished cylinder is convenient for quality control of the production. Another 
type of cylindrical scintillators used are scintillating fibres which have H >> R 
[163]. Liquid scintillators are often used in cylindrical vessels having polished 
walls which are coupled to the photocathode. In this way counting within the 
liquid scintillator is performed [70], and also references on penetrating radiation, 
for example, neutrinos [72]. The advantages of a specular surface are particularly 
notable (as with lightguides) for scintillators with a large height to diameter 
ratio. Thus, Cowan [72] used cylindrical liquid scintillators with D = 125mm 
and H = 1.9m and Haddad [139] used cylinders with D = 22.5mm and H = 
1.5m. 

The non-uniformity of light collection in long cylindrical scintillators with 
specular walls (one-dimensional detectors) has been determined empirically by 
means of a collimated beam. The difference between a cylindrical scintillator 
and a lightguide in this situation should be noted: a significant contribution 
to the luminous flux striking the photocathode can be made by light originally 
emitted in the direction of the end remote from the photocathode and arriving 
at the photocathode only after reflection from this end. This results in the 
signal being determined not only by the distance from the point of scintillation 
to the photocathode but also by the total length of the cylinder. 

Amongst scintillators of different shapes, scintillators shaped as truncated 
cones are commonly employed and more rarely scintillators shaped as more 
complex solids of rotation [100]. 
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Figure 6.3: Scintillator employing total internal reflection and specular reflec- 
tions within it. 


6.2.2 Cylindrical Scintillators Employing Total Internal 
Reflection 


Scintillators of radius R and height H which are uniform and homogeneous will 
be examined. These are most commonly plastic scintillators. 

Assuming that the diameter of the scintillator is equal to the diameter of the 
photocathode and that rays escaping through the side surface of the cylinder 
make no contribution. Further, h = H/R is taken to be not excessive, so that 
light scattering by surface defects can be ignored. 

The conditions under which the light collection coefficient in these scintil- 
lators is independent of position of origin will be determined. Following refer- 
ence [26], consider point A lying axially at height z, where z is less than the 
minimum of z1 = Rcot 6, and z2 = Rcot 2 (figure 6.3). Here 6; and 62 are 
angles between rays and the axis of the cylinder: 

1 1 ; T T age d 


62 = = 6.7 
Rae OG (6.7) 





A, = a1 = sin” 





(where 6; is the maximum angle for incidence with the base). Rays from this 
point can strike the base directly (ray 1) or after total internal reflection from 
the walls (ray 2). The condition of total internal reflection on the wall: 7 > 7 
(i is the angle of incidence with the wall) or cos@ > 1/no. In order that ray 2 
should pass through the base, the angle of incidence @ must satisfy the condition 


| 1 
Nrel 


In this way the angle of output @ is determined by the correlations: 
O0<01;; O0< 69; (6.9) 


Let 6, < 02. Then 
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6 2cos 4/1, (6.10) 


Neel 


hence the aperture angle does not depend on the point of scintillation (compare 
pages 50-52). From equations (6.10) and (6.7) it follows [231]: 


1 1 
No rel 


or 
2 


ng—n > 1. 

Meridional rays from an axial source have been considered. For sagittal 
rays having the same 0, the angle of incidence with the wall 7 is greater than for 
meridional rays, and the condition of incidence of the rays with the photocathode 
(6.10) remains valid. 

Note that equation (6.11) is fulfilled for organic lightguides avoiding optical 
contact and for Nal and CsI crystals when coupled to a material with n; = 1.5. 


Scintillators avoiding optical contact (case a) 


As demonstrated above, in the case corresponding to (6.11), the angle of light 
output onto the photocathode is determined by the condition @ < 4; and this 
angle depends neither on the ratio H/R or the position of point z on the axis. 
Disregarding the volume absorption of light and Fresnel reflection on the surfaces 





NlR 


Tad = 


(1 — cos 0) = ; (: 1 = : (6.12) 


rel 


The output angle for an axial light source will be the same since the angles of the 

ray with the vertical cannot change in reflection from the side wall. Rays which 
undergo total internal reflection on the top end will not strike the photocathode 
since their angle with the axis exceeds the maximum value 7; = sin! — for 
the bottom end. 


Only the case of n; = 1 will be considered below. Then (see page 52). 


Tao = =(1 — cos @,) = =(1— cosy) = wy. (6.13) 


Nile 
Nile 


A more accurate analysis should take account of Fresnel reflection from the glass 
of the photomultiplier. Expressing the light collection coefficient, corrected for 
Fresnel reflection, as [26] 

TER? — ra9(1 — a tres) (6.14) 
where Pa fres is the reflectance of the glass averaged over the angles of incidence 
wy with it. For ngiass = 1.5 and no = 1.6, fa fres has the value 0.12. The 
light collection coefficient for a scintillator avoiding optical contact under these 
circumstances depends on neither the radial nor the axial coordinates of the 
point of scintillation. 
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Figure 6.4: Dependence of the light collection coefficient of a cylindrical scin- 
tillator on z (no = 1.5). a — scintillator with no optical contact, b — scintillator 
in optical contact; 1 — Ta9; 2 — r£7°*; 3 — rf7°* where K = 4.0m7}; 4 — rfres 
where K = 14m7!; 5 — m9; 6 — rie 7-7», where K = 4m7!; 8 — ie where 
K = 4.0m7!; 9 ~ 7/"°*, where K = 14m~!. The points and crosses are the 
experimental data. 


Calculation of the volume absorption (without Fresnel reflection) gives (see 
page 52). 


7 
1 —Kz 1 
_— ——ee i aoe, ; wl 
Ta 7 few (=3) 27 sin @ dd 5 Q(y, 8); (6.15) 
0 


here 3 = Kz. For low 6 (see pages 52-52). 
Ta = Tad eXp(—KZ) & Ta exp(—Vis08); (6.16) 
Adding the calculation of Fresnel reflection 
rf? = rao exp(—K2)(1 — Pa fres) © Tao €XP(—Viso)(1 — pa fres)- (6-17) 


The values of Tap and 7J3** are shown in figure 6.4 for the case of n = 1.47 
and the dependence 7J/"°S on z for K = 4.0m~! and K = 14m7!. Using the 
dependence 7, on the height z in the form of (6.15) or (6.16), the value of the 
coefficient of 7, averaged over the height of the scintillator can be found by 
direct integration. As long as T, is not dependent on the radial coordinate, then 
T, is the light collection coefficient, averaged over the volume of the scintillator 
assuming that the the scintillation intensity does not depend on the z coordinate. 
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This is the situation, for example, in y-irradiation of the scintillator where the 
flux of y-rays is perpendicular to the axis of the scintillator. Taking equation 
(6.16) for 7,(z), an approximate equation is found for 7,(H) (with error no 
greater than 47?,,62, Bo = KH): 


12 “iso 


ise 


ral) = 1 (2) = no exp(—v) (6.18) 


where y = $Visobo- The light collection coefficient can be calculated taking into 
account absorption of the y-ray beam along the axis of the scintillator toward 
the photocathode. The average light collection coefficient is independent of the 
diameter D of the scintillator. 

The correlations shown make it possible to find the maximum relative non- 
uniformity of the light collection coefficient: 


Atu 





OTM = LY. (6.19) 


a 
In the case of irradiation perpendicular to the axis by a flux of density N, the 
energy absorbed in the scintillator is 


E = NS{1 — exp(—pl)], (6.20) 


where S = DH is the area of the axial section of the scintillator; | is the mean 
path of a y-ray in the scintillator; 4 is the absorption coefficient of the y-rays. 
Equation (6.20) can be rewritten as: 


(6.21) 


where Po is the mass of the scintillator; p is the density. Where wD << 1 


4 
k, =1-— —pD. 6.22 
y Aa ( ) 
Hence, the luminous flux incident with the photocathode, calculated for a 
scintillator of unit mass, with correction for the self-absorption of y-rays is 
equal to 


®/Poky = nta(H) n/p. (6.23) 


Experimental determination of the light collection coefficient of scin- 
tillators avoiding optical contact 


The dependence 7,(z) was determined in reference [26] for cylindrical scintil- 
lators avoiding optical contact. A model of a plastic scintillation detector 
was constructed from a plexiglas beaker having external dimensions: radius 
R = 34mm, height H = 68mm. This was filled with glycerine, the refractive 
indexes of both materials being close, no = 1.47—-1.48. Distances were measured 
from the surface of the photocathode taking the thickness of the photomultiplier 
envelope into account. The beaker was simply placed on the photomultiplier. 
Using the same light source and receiver, the absorption coefficient of the glyc- 
erine was measured to be 4m~!. In subsequent experiments the glycerine was 


coloured in order to bring its absorption coefficient to 14m~!. The dependence 
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Figure 6.5: Dependence of the light collection coefficient on the height of the 
a-particle plastic scintillator-detector (n =1.6). Curves are the computation 
for K = 7m71: 1-74; 2- 7A; 3-7; 4 - ei e — experiment for the case 
a; x — for the case b. 


of the photomultiplier current I on the height z of the light source avoiding 
photomultiplier—container optical contact was recorded. In figure 6.4a, the re- 
sults of the measurements of 7, are shown for K = 4m7! and K = 14m7!. 

Another comparison of computation with experiment, undertaken in ref- 
erence [26], consisted of measurements with a plastic scintillator irradiated 
with a-particles. Standard plastic scintillator (polystyrene + para-terphenyl 
+ POPOP) shaped as cylinders of diameter 20mm and with various heights 
were used. A disc shaped 28°Pu source collimated so that the diameter of 
the active surface was 2-3mm produced the a-particles. The amplitude of the 
voltage pulse V corresponding to the maximum of the spectrum was plotted on 
a graph as a function of the height of the scintillator. For comparison with 
computation the absorption coefficient of the scintillation light in the plastic 
scintillator was needed 

To provide this, the absorption and emission spectra of the scintillator and 
the spectral responsivity of the photocathode were determined. The “effec- 
tive” absorption coefficient of the scintillator A was calculated as described in 
section 1.5.3. The dependencies were formulated as 


Ta = Tad exp(—VisoK H) (6.24) 


and r/"¢* (curves 1 and 2 on figure 6.5). For comparison with the compu- 
tational curve, the experimental points were normalized, combining V where 
A = 20mm with curve 2 in figure 6.5. The similarity of the uniformity of light 
transmission in light guides and scintillators avoiding optical contact makes it 
possible to combine the dependence found with the measurements described on 
page 57. 

A method of investigating light collection in such lightguides is to examine 
the dependence of detector voltage pulse amplitude (or the flux where there 
is uniform irradiation of the scintillator with y-rays) on the dimensions of the 
detector [231]. A plastic scintillator of standard composition with various di- 
ameters and heights (from 10 to 160mm) was studied. The light output of the 
samples with 10-63mm diameters was measured using the voltage pulse method, 
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Figure 6.6: Dependence of I/Pok for 63-160mm diameter and values of V(H) 
for 25-63mm diameter plastic scintillator 


those with 63-160mm diameters using the flux method. The measurements at 
diameter 63mm made it possible to combine the two sets of measurements. Fig- 
ure 6.6 shows that the dependence of V(H) or I/Poky is the same for all samples 
regardless of diameter. Following equations (6.18) and (6.23) the dependencies 
of V(H) and I/Pok, represent (to an extent) the dependence 7(H): 


7(H) (38%) 
—— = exp | —.— _ ], 


= ; (6.25) 


where K is the mean absorption coefficient for scintillation light (over the length 
Ht), For the plastic scintillators studied: K + 4.0m~! for lengths of 30-160mm 
and somewhat greater for shorter lengths (10-25mm). Comparison of figure 6.6 
with direct measurement of the dependence T(z) (see page 57) shows good agree- 
ment. 


Scintillators in optical contact (case b) 


Where 6; > 62 or ne _ ni < 1 rays strike the photocathode directly from the 
point of scintillation and also by initially traveling in the opposite direction 
and undergoing total internal reflection on the top and side walls. Consider a 
source located on the axis of the scintillator. For convenience of construction the 
“reflections” of the scintillator are depicted (figure 6.3). It can be seen from this 
diagram that the paths of the rays “upwards” and “downwards” are equal as 
far as incidence with the photocathode is concerned, with the exclusion of rays 
which are emitted “upwards” within the limits of the angle 0, (ie. a fraction of 
Tao for ny = 1). In this way, for rays passing in a given direction, the scintillator 
may be considered as a lightguide employing total internal reflection without 
external wrapping. For scintillators in incomplete optical contact (no > 1) 
three intervals are clearly differentiated (see figure 6.3), divided by points 21 
and z2 (the values z; and 22 are referred to as “critical heights” below): 





1 
z, = Reot6; 6; =sin' ra (6.26) 
rel 
fay ol 
zg = Reot2; 62 =sin > —. (6.27) 
no 


The light collection coefficients for these intervals are correspondingly (K = 0): 


1 
PAG eS 5 — cos 0;) 
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1 1 
= 5 (: 1 3 = const; (6.28) 


rel 
i 1 
Z<2< 225 TH= 5 — cos 6); (6.29) 
6 = cot? 5 = cot! I; (6.30) 


1 
BS TS 5 — cos 62) 


ih 1 
=3 (1-3) = const; (6.31) 


The light collection coefficient for a scintillator in incomplete optical contact is 
determined by the equation [26] 


Tho = a + i, — Tad: (6.32) 


Here Ti, is the output downwards; re is the output upwards; the indices 7 
and & stand for “dash”, “double-dash” or “triple-dash” , depending on the value 
1 = 2z/R and h = H/R. Note that where no < ny (scintillator in incomplete 
optical contact) the first interval is not present (z; = 0). The value 7 for 
no = 1.47; h = 2, K = 0 (curve 5) is depicted in figure 6.4b. Note that for plastic 
scintillator, including those based on polystyrene (np = 1.62), the interval (0, 21) 
is usually small in comparison with the height of the detector. For this reason, 
when immersion is used, n’ = 1.5, the plastic scintillator should be treated as a 
detector in complete optical contact. 

Taking absorption into account, the light collection coefficient is expressed 
by the equation 

T, = Q(8;, B) © Te EXP(—Viso(i) 8). (6.33) 

Here i indicates the height interval and the corresponding value of tT) and 
Viso(i)- 

The coefficients of 7, express light collection both for rays initially traveling 
downwards and for rays initially traveling upwards, by substituting 2H — z for 
Zz, 289 — 8 for 6, where 69 = KH (see figure 6.3). The total light collection 
coefficient is expressed similarly to (6.33) as 


Tb = 7; (B) + 7} (280 — B) — Ta(2Bo — B). (6.34) 


The values i and k depend on / and h. 

The dependence 7(z) for the case under consideration where K = 4.0m7! 
and K = 14m~! is shown in figure 6.4b. For this case the contribution of Fresnel 
reflection was estimated f,, taking account of absorption in the volume. The 
resulting value 7/"°* = 7) + fp is also shown on figure 6.4b. 

Considering the transmission of light from a source displaced relative to the 
axis of a scintillator in optical contact with a photocathode. On pages 52- 
56 the transmission of a cylindrical light guide with total internal reflection in 
optical contact with a photocathode for a source displaced relative to the axis 
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of a lightguide was considered!. A lightguide of sufficient length proved to be a 
condition of the applicability of the correlations found there: 


L > Lerit = Dtany. (6.35) 


14 Initially, constructions which satisfy this will be considered. As will be shown, 

© where L >> Dtan7, the mean light collection coefficient in practice only depends 

17 On one parameter: the height of the scintillator. If the scintillator is coupled 
with optical contact to a lightguide LZ > Dtanvy long, then the statement is 

20 correct for any height of scintillator. By analogy to equation (6.32) one can 
write an expression for 7. where there is a non-axial source: 


t= TPT = te (6.36) 


22 In the absence of absorption, by virtue of (6.35), 72 = 7: 


Teo (a) = 279(@) — Tao- (6.37) 


2, In this case Te9(a) does not depend on the height H of the scintillator. The 
function Teo (a) for n = 1.50 is easy to formulate using figure 6.3. 
Where there is absorption K 4 0 and making the approximation 6) < 1: 


Te = T0(a) exp[—v (a) Kz 
+19(a) exp[—v (a) K (2H — z) 
—Toq exp[—v K (2H — z) 


= To(a) exp[—v(a) 8 
+79 (a) exp[—v(a) (289 — 8) 
—Toa exp[—v K (28 — 8)]. (6.38) 





pageiss Defining the mean light collection coefficient, that is, the value 7, averaged 
over the volume of the scintillator (using coordinates a and z): 


1 H 
Je aa [ re(a) dz. (6.39) 
0 0 


4 In the absence of absorption kK = 0: 


ql 


t= 


1 1 


i= 2 f rood da = 2 | ro(a) —Tao|a da 
0 0 


1 
="2 / 279 (a)ada —Ta9 = 27) — Tao: (6.40) 
0 


7 In the case of absorption, K # 0, to accuracy 3 (Viso30)?: 


1 3 3 
Te = TOp lexp (— 30h + exp (— $080) — Toa EXD Gz) . (6.41) 
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If the scintillator is directly coupled to the photocathode, then in the height 
interval below lpi = Lerit/R, the light collection coefficient, in the absence of 
absorption, depends on two parameters: | = z/R and a. Computational data 
for this region are not available. The average of the experimental data for Tq; 
where there is complete optical contact, found by the modelling method (K = 0) 
for the interval of heights (0,/.,;:) and over the whole section of the cylinder, 
gave the value 74; = 0.35 [300]. This value can be used in the calculation of 
Tes 

From the equations for the light collection coefficient of specular scintilla- 
tors in optical contact it follows that even in the absence of bulk absorption, 
under the condition (6.35) the scintillator is characterized by non-uniformity of 
light collection. In the absence of absorption this non-uniformity can be calcu- 
lated quite simply. Where absorption is present it is expedient to determine it 
experimentally. 


Scintillators in optical contact with reflectors at the far end 


Cylindrical scintillators with specularly reflecting sides and in optical contact 
with the receiver usually have a reflector on the face opposite to the photocath- 
ode. This can be either a specular or a diffuse reflector either in optical contact 
with the scintillator or avoiding optical contact”. In both cases as an approx- 
imation (independent of the type of specular reflection on the side surface) a 
reflectance 7, can be introduced, averaged over the angles of incidence with the 
end. The distribution of reflected light can approach the specular or the diffuse 
case. In this approximation the light collection coefficient can be noted for a 
specular reflector as: 


(a, z,H) = 7r*®°(a, z) +1 17°*°(a, 2H — z). (6.42) 
For a diffuse reflector, as the angular occupancy of the beam is changed: 
(a, z,H) = r*9°(a, z) + 1r17°°°(a, H — z)r°°?(H). (6.43) 
Here 7'°° is the transmission of a lightguide of this type for an isotropic source; 
7°°s is that for a cosine source. The values 7'°° and T°°* can be found from the 
equations and graphs found for lightguides employing total internal reflection 
(chapter 3). By analogy, the values of 7 averaged over the section of the scin- 
tillator (averaged according to a) can be found, and the value of light output 
averaged over the volume of the scintillator. 

For a scintillator with total internal reflection on its side surface, follow- 
ing (6.41), where there is specular reflection at the far end, with accuracy up to 
1,2. 
ay: 


Fe = Slr(0) + (G0) 7 (B) =niyrlev tne). (6.44) 


Estimating the non-uniformity of transmission, assuming r; = 1 (the difference 





1Note that unlike in chapter 3, in this section, the light collection coefficient is normalized 
over the solid angle 4m (and not 27). 
?The latter case should be treated as a detector with combined reflection. 
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Figure 6.7: Dependence of r(z) and its formulation for a cylindrical light guide 
in optical contact with a diffuse reflector: r; = 0.9 at the far end; h = 4; the 
curves 1,2,3-—k =0; 4-8-—k=0.1; 1 — tair/,0; 2 — 70; 3 — 70(2); 4 - Tair} 5 — 
Tp; 6 — T(z); 7 exp(—VYis08); 8 exp|[ Viso(Bo B)| x exp(—Vis050)- 





between the estimated 67), and the actual is small for r; ~ 0.8-0.9): 


T.(0) — te(H) 2 
y= tanh’ y. 6.45 
OO vara). ee a 
Where y < 1 
OTM y y’. (6.46) 


In the case of a diffuse reflector at the far end 


Te = Toe exp(—Viso8o)[1 + T1T 6p. exp(—Visoo)]- (6.47) 
Here T° and Tp are the values of 79, for isotropic and cosine sources respec- 
tively. 


From page 56, for no = 1.5 and a specular reflector at the far end, 
Te = 0.28 exp(—0.7360)[1 + 71 exp(—2.26o)]. (6.48) 
For a diffuse reflector at the far end 
7. = 0.28 exp(—0.7369) [1 + 0.77r, exp(—1.386o)]. (6.49) 


Note that if 7-, calculated according to (6.49) where r; = 0.8-0.9, is less than 
when calculated according to (6.48) for the same values of (9, then the light 
output of a scintillator with a diffuse reflector at the far end is less sensitive to 
processing surface defects. 

Consider the case (for an axial source) when the end remote from the pho- 
tomultiplier is painted with diffuse reflecting paint. For the case h = 4; r; = 
0.9; k = 0 and k = 0.1, figure 6.7 shows the light collection coefficient for light 
falling directly from a source onto the receiver (Ta;) and also for light incident 
with it following reflection from the far end (7). A characteristic feature of 
the light collection coefficient 7(z) = Tair +7», for both k = 0 and k = 0.1, is 


25 
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the increase in the curve as z — H. To a greater or lesser degree, this effect 
also occurs in other situations where light is reflected diffusely at the far end — 
a scintillator avoiding optical contact and a scintillator in optical contact and 
having a distributed source. An increase where z > H also occurs when there 
is a diffuse reflector avoiding optical contact with the scintillator (combined 
reflection) at the far end. 


Experimental determination of the light collection coefficient of scin- 
tillators in optical contact 


In reference [26] light collection for the case of an axial source was investigated. 
In the experiments undertaken using the modelling method, the apparatus de- 
scribed on page 124 was used and in addition a cylindrical plexiglas beaker 
was coupled to the photocathode ensuring optical contact. The dependencies 
I/Io = 7(z) for K = 4.0m~! and K = 14m7! are presented in figure 6.4b. 

The dependence of ™(H) for polished cylinders made of a standard plastic 
scintillator was also investigated. The methodology was identical to that de- 
scribed for the case of scintillators having no optical contact with the following 
differences: the samples were coupled with the photomultiplier in optical con- 
tact using liquid paraffin; a renormalization of the experimental data was not 
performed since the scale had been determined in experiments avoiding optical 
contact. The experimental data are shown on figure 6.5. Coincidence with the 
theoretical curve,calculated for the coefficient K as described on page 57, was 
satisfactory. 

The existence of a radial dependence of light collection in cylindrical detec- 
tors in optical contact was shown experimentally in reference [26] and inves- 
tigated in detail [300] by the modelling method. Models were used (plexiglas 
beakers filled with glycerine) with h = 2; 4; 6 and with various values of k from 
0.05 to 0.4. 

Amongst other objects a scintillator with total internal reflection without an 
external reflector was investigated. It was found that W grew with increasing 
k and h. They were higher for n,;¢; = 1 than for nye; = 1.5. 


Scintillators with two photomultipliers 


In order to improve the uniformity of light collection from cylindrical scintillators 
photomultipliers may be attached to both ends, the signals from them being 
summed. The light collection coefficient of this type of counter is determined 
by the equations?: 


Te = Tp(2) + T(H — z) = Top{exp(—VisoK z) + exp[—VisoK (H — z)]}, (6.50) 


7 ; ro Nr (3)| (6.51) 


while the maximum relative non-uniformity of light collection is given by 


FAD) Se (4) _ 2(Y 
ree are e se tanh (3) (6.52) 





3Excluding areas of the scintillator close to the photocathodes, see page 127. 
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Where y < 1 


1 il 
OT & 3 oTeen ~ iv (6.53) 


The formulae for a cylindrical scintillator employing total internal reflection and 
having an external reflector can be described in a similar way. Note that non- 
uniformity in this type of detector is considerably less than that of a scintillator 
of the same size but with a single photomultiplier. 

If the area of the photocathode is less than the area of the output end of the 
detector (7 will be reduced proportionally to q = Spmz/S), improvement can be 
made by using reflectors on the open part of the ends of the detector. 

In order to eliminate longitudinal non-uniformity in areas closer than the 
critical heights, detectors can be equipped with lightguides. Usually they are 
sections of containers filled with a non-scintillating liquid (the solvent of a liq- 
uid scintillator). Such lightguides are equalizing lightguides (see chapter 2). A 
detailed analysis of this arrangement was carried out in reference [102]. When 
calculating the light collection coefficient of a detector the following effects were 
considered: 1) radial non-uniformity; 2) attenuation of light in the solution; 3) 
the effect of reflection from that fraction of the end not occupied by photocath- 
odes; 4) the role of the external reflector on a cylindrical surface; 5) absorption 
on the container and surface defects. These effects were taken into account to 
a degree of approximation in the formulation of an integral expression for Tp. 
The calculation was carried out using a computer and a number of corrections 
were made on the data used in the computation. 


Application of scintillators shaped as cylinders 


One important application of these detectors is as modular liquid scintilla- 
tion counters. A typical construction with a single photocathode is described 
by Evans [97]. Cylindrical polished plexiglas containers (D = 178mm, H = 
577mm) were filled with liquid scintillator and coupled to a 127mm diameter 
photomultiplier. The containers were wrapped in aluminized Mylar foil. Non- 
uniformity of light collection was less than 15%. An anti-coincidence shield for 
an Nal(T1) crystal y-ray spectrometer was constructed from eighteen of these 
containers. 

Constructions with two photomultipliers have been used in detectors for the 
investigation of y-rays emitted in neutron capture. A diagram of one cylindrical 
scintillator module of the counter [139] is shown in figure 6.8. The container 
is wrapped in aluminized foil. The complete detector consisted of 44 similar 
modules, the non-uniformity of light collection was less than 5% over the sensi- 
tive part of the detector. In reference [103] a similar arrangement is described, 
having a working length H = 1.98m and diameter 230mm. The non-uniformity 
of light collection was +7%. 





Scintillators in incomplete optical contact 


A typical example of this type of scintillator is a cylindrical CsI(T1) or CsI(Na) 
scintillator coupled to a photocathode or lightguide by means of a coupling 
compound. The surfaces of the scintillator are all assumed to be polished. Such 
scintillators can be used for the detection of short range a-particles (see for 
example [190]) and low energy electrons [134]. Equation (6.12) is applicable 
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Figure 6.8: Liquid scintillation counter module (from [139]): 1 — plexiglas cylin- 
der; 2 — liquid scintillator; 3 — liquid scintillator solvent (dekalin); 4 — aluminium 
foil; 5 — photomultiplier; 6 — white paint. 


to such detectors, consequently, the luminous flux striking the photocathode 
through the base of a detector (output window) does not depend on the point 
of scintillation. This is evident for rays starting from the point of scintillation 
towards the output window. For rays starting in the opposite direction and 
incident with the photocathode after total internal reflection at the far end, the 
light collection coefficient is 


T=W2—Wa, (6.54) 


where wz and wz, are the solid angles corresponding respectively to the angles 02 
and 6,. This is because under condition (6.11), all rays lying within the angle 
62 undergo total internal reflection on the side walls and strike the photocath- 
ode. The light collection coefficient, ignoring absorption, is determined by the 
equation 





1 
T) = 27) — Ta = (1 — cos 02) — 5 — COSq) (6.55) 
or 
1 1 1 
= 1 1 1 é 6.56 
‘ my 2 ( np ve 


Analysis of the distribution of rays and light collection in CsI(T1) detectors 
of this type (including rays escaping through the side surface) is to be found 
in the references by Greupner [133, 134]. The authors found that the light 
collection coefficient was To = 2 x 20.4 — 8.2 = 32.6%. 

In the case considered the proportion of trapped light is not large, however, a 
large fraction of the light is not emitted through the bottom end of the cylinder. 
Means of using some of this remaining light are of interest. This can be done 
by using a photocathode larger than the scintillator, various kinds of reflectors, 
giving the detector a different (non-cylindrical) shape or by a combination of 
these methods. Here, only the use of a photocathode with diameter Dpmt greater 
than the diameter D of the scintillator, will be considered. The distribution of 
light emitted from cylindrical polished CsI(T1) crystals was first investigated by 
Martinez and Senftle [190]. 20mm diameter scintillators of various heights were 
placed (avoiding optical contact) on a photographic plate. They were irradiated 
through a 6mm collimator with a beam of a-particles. A “halo” could be seen 
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around the crystals, the dimensions of which depended on the height of the 
crystals. 

Similar experiments were described in [134], where it was suggested that the 
use of a photocathode of sufficiently large diameter makes it possible to collect 
about 60% of the scintillation light. 

These ideas apply strictly only to scintillators with ideal surfaces. For scin- 
tillators with a low ratio of height to radius (for example a-particle detectors) 
surface defects (primarily at the input end) have a marked effect. Since light 
escaping through the side surface must undergo a large number of reflections, 
a significant fraction of it is scattered and is emitted through the ends of the 
cylinder (mostly the lower). 


6.2.3 Scintillators with Metallic Reflection 


Scintillators of this type are used comparatively rarely. It is possible that they 
will find wider application as reflector surface technology develops. Their advan- 
tage is a comparatively low radial dependence of the light collection coefficient 
and (where h is not too great) a low fluctuation of r within the volume of the 
scintillator. 

In reference [241] a detector comprising a cylindrical polished metal can with 
one end open and containing liquid scintillator was examined. Expressions for 
the light collection coefficient as a function of the point of scintillation were 
derived by means of the specular image method. Using a computer the con- 
figuration was solved for the parameters: R = 25mm; H = 50mm; p = 0.70; 
no =1.495; K = 1.0m7! and this numerical solution was compared with ex- 
periment. For this an essentially isotropic point source of a-particles was made 
and this was located at different points in the liquid scintillator and the anode 
current of the photomultiplier measured. Comparison of the computation with 
experiment showed agreement within 10%. The mean light collection coefficient 
of the can was 31.1%. The uniformity of light collection was also recorded. In 
this particular case bulk absorption in the volume of the scintillator played a 
minor role (considerably less than error in the value of p taken). Hence the 
results presented can be used for estimation of the characteristics of similar 
scintillators of different dimensions (up to R = 100mm) under the condition of 
geometrical similarity and with comparable p. 
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6.3 Parallelepiped Shaped Scintillators 


6.3.1 Applications of Parallelepiped Shaped Scintillators 


Scintillators shaped as parallelepipeds are used where the physical problem be- 
ing addressed requires a scintillator of constant thickness. The shape of the 
scintillator in the other two dimensions can be arbitrary to a significant degree. 
Here the choice of a parallelepiped is determined by simplicity of construction 
and convenience of light collection from the scintillator. As will be shown below, 
specular surfaces possess a number of advantages over diffusing surfaces. 

Wide use is made of scintillators shaped as large area rectangular slabs, 
which have one dimension significantly less than the other two +. A typical 
slab made of plastic scintillator or liquid scintillator (in a transparent container) 
can be used as an area trigger and can be up to several square metres. Because 
large area counters are used for a wide range of applications the collection 
of light from parallelepiped slabs is of importance. One of the methods of 
light collection is the collection of light from the large face, as considered in 
chapter 4. In the present chapter another method is considered, namely, the 
collection of light through one of the narrow edges of a polished slab. One or 
more photomultipliers are coupled to the output edge while the others are fitted 
with reflectors. Comparison of the various methods of light collection from large 
area slabs was undertaken in references [129, 196, 304]. 

When light is collected from a narrow edge, satisfactory characteristics of a 
large area counter can only be attained by using total internal reflection [55, 259]. 
The uniformity of light collection is linked both with the quality of the polished 
surfaces and with the light absorption in the scintillator. When comparing the 
possibilities for the application of liquid scintillators and plastic scintillators in 
large area counters, it is essential to take these aspects into account. 

Currently, the transparency of liquid scintillators is superior to the trans- 
parency of the best plastic scintillators. However, the necessity of containing 
them in transparent plastic containers limits the choice of liquid scintillator 
solvents, makes them more difficult to use and makes major demands on the 
container fabrication materials. Other factors which influence the choice of scin- 
tillator are light output, fire hazard, stability and cost. A considerable number 
of references are devoted to the discussion of the comparative qualities of plastic 
scintillators and liquid scintillators from these points of view [38, 37, 33, 228, 23]. 
Comparison of various liquid scintillators for large area counters was undertaken 
in [38, 99, 196, 33]. These studies suggest that liquid scintillator based detectors 
are cheaper and can have better scintillating characteristics, but are difficult to 
produce and inconvenient in use. 

Parallelepiped scintillators are much used in the construction of whole body 
counters (y-ray counters) [33]. Here the thickness (depth) of the counter is 





4Scintillators with an area greater than 0.1m? are usually considered [196]. However, this 
limit is tending to grow with the improvement of scintillator transparency. 

5 According to Ashton [24], only counters using toluene based liquid scintillators have a 
scintillation efficiency a little higher than counters using plastic scintillator. However, the 
difficulties associated with its flammability and containment determine the choice and use of 
a plastic scintillator. 
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determined equally by the mean attenuation length of the y-rays being detected 
and by the demands of light collection. For good light collection the slab thick- 
ness must be significantly greater than the photomultiplier diameter. Similar 
counters are used not only for the simple detection of y-rays, but also for their 
energy spectrometry. Good background discrimination can be achieved when 
the light collection coefficient is sufficiently high and is uniform over the entire 
area of the slab. 

In a whole body counter the shape of the slab is conditioned by construc- 
tional considerations. An ideal whole body counter for a human being would be 
a hollow perspex (polymethylmethacrylate) cylinder filled with liquid scintilla- 
tor, with photomultipliers placed at the ends. The cylinder would need to be 2m 
long with an external diameter of 1.5m and an internal diameter of 0.6m. The 
thickness of the liquid scintillator layer (450mm) would be sufficient to detect 
y-rays with energies greater than 3MeV. The replacement of this conceptual 
cylinder by two or four slab counters simplifies construction [33, 34, 35]. 

When parallelepiped shaped scintillators are to be used for measuring the 
energy of high energy charged particles (10’-10°eV), one of the dimensions of the 
detector (the depth) must be greater than the range of the particles [126, 127]. 
This type of counter requires very high uniformity of light collection. 

Large area slab scintillators are widely used in high energy radiation coun- 
ters (see the surveys undertaken by Abrosimov and Blokh [3], and Govorkov 
and Chukin [129]). Such detectors are employed for the detection of the in- 
tersections of charged particles with a specific area in measurements which are 
required to give a timing trigger (for example, for the determination of the di- 
rection of extensive air showers); as elements of total absorption counters used 
to determine the energy of fast particles; and for the monitoring and trigger- 
ing of bubble chambers in experiments with accelerator particle beams. The 
demands usually made on such counters are as follows: 1) the voltage pulse 
from a single particle must not depend on its trajectory through the counter; 2) 
fluctuations in the magnitude of the voltage pulse must be as small as possible. 
These fluctuations are determined both by the effects of light collection and by 
“primary” effects, including fluctuations of ionization losses. The distribution 
of energy losses is characterized by the Landau distribution [239, 305, 8] which 
has an asymmetrical shape (figure 6.9). In order to reduce fluctuations, 
the thickness of the scintillator needs to be increased. However, when this is 
done the background radiation rate in the counter increases, the probability 
of multiple coulomb scattering of detected particles grows and the number of 
non-elastic atomic interactions also increase. The thickness used in any experi- 
ment is usually some kind of compromise between opposite tendencies®. Usually 
scintillators approximately 10-50mm thick are used. 

To determine the energy of high energy particles (10°-10!°eV) ionization 
calorimeters are used. They they are constructed from interleaved scintillator 
slabs and layers energy absorbing material. The ionization losses of a particle 
induced cascade in a calorimeter can be measured and the energy of the initiating 
particle obtained using a summation signal. Demands on the uniformity of light 
collection from the individual slabs ionization calorimeter for the measurement 
of a shower are higher than those required for the determination of the energy 





6In order to improve resolution and is control, a selection of voltage pulses are employed 
from particles in a particular angle with a normal to the slab with the help of auxiliary counter. 
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Figure 6.9: Experimental distribution of voltage pulses for relativistic particles 
as a function of energy loss AEF. A parallelepiped shaped liquid scintillator with 
a thickness of 140mm (mean ionization losses 283MeV), distribution found using 
aa scintillation counter. The curve is the Landau distribution for proportional 
losses. The upper scale is the relative scattering of losses. From [99]. 


of a single particle. This is because the number of ionizing particles in a shower 
passing through a calorimeter slab can be very large (for example, from 1 to 104 
in Gillespie’s apparatus [117] intended for the study of particles with energies 
from 104 to 10'8eV), and for this reason fluctuations caused by ionization losses 
are small. 

Apart from thin slabs, parallelepiped scintillators are also employed which 
have one dimension significantly greater than the other two (bars) [58, 127] 
and solids with three comparable dimensions (for example, whole body counter 
components [34], fast neutron detectors [75] etc). 

Scintillator dimensions will be designated 2a, x 2b, x 2cp (bp > Gp), where 
the face 2a, x 2b, is the output face. If the diagonal of the output face is less 


than the diameter of the photomultiplier, Dpmt > 4/ a2 + be the scintillator 
may be coupled directly to a photocathode and utilize all the light emitted 
from that face (see, for example,[247, 207]. In the case of Dyme < \/a% + 03, 


either the direct coupling of one or more photomultipliers to the output face 
(for example, [99, 74]) or the transmission of light via some form of lightguide 
to a photomultiplier are possible. For sufficiently intense scintillations, it is even 
possible to locate the photomultiplier at some distance from the slab [117, 181]. 
If the area of the photocathodes S$» is less than the area of the output face $1, 
concentrating lightguides can be used, and where S; = 54 lightguides which 
transform the shape of the light beam while preserving its cross-sectional area 
may be used. 

In chapter 3 reference was made to the possibility of bending lightguides 
without noticeable loss of transmission provided that the radius of curvature 
is significantly greater than the diameter of the lightguide. A similar situation 
occurs with rod shaped scintillators and rectangular section slabs [73, 116, 206, 
47]. 
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6.3.2 Scintillators with no Optical Contact 
Collection of light from the entire output face 


On page 72 it was shown that the transmittance for lightguides avoiding optical 
contact is equal whether cylindrical and parallelepiped. The equality of the 
light collection coefficient for scintillators avoiding optical contact and shaped 
as parallelepipeds and cylinders follows from this (see page 122). This is strictly 
true only for ideally polished surfaces. It is evident that the light collection 
coefficient of a thin slab (with large values b,/a, and cp/a,) is far more sensitive 
to surface defects than the light collection coefficient of a cylinder made of the 
same material [247]. 

In consequence of equation (6.13), for parallelepiped shaped scintillators 
avoiding optical contact in the case where the receiving surface is close to the 
output edge, the light collection coefficient (ignoring absorption) is Tao = wy. 

In both this case and that of a cylindrical scintillator avoiding optical contact, 
there is no transverse non-uniformity of light collection the longitudinal non- 
uniformity is determined by absorption in the material, surface defects and 
the conditions of reflection at the face remote from the photodetector. Where 


Dymt < \/ a7 + 6% a concentrating or a mixing lightguide should be used. Since 


a scintillator with no optical contact is being used, hollow specular lightguides 
have certain advantages. Their length is selected in order to reduce to a 
minimum the role of direct light. In this case the light collection coefficient will 
equal 

T=Ta* Te 5 (6.57) 


where 7, is the transmittance of the lightguide. 
Where photomultipliers are coupled to opposite faces of the slab, by analogy 
to (6.50): 


T(z) = TeTa0{CXP(—Viso lk z) + exp|—VisoK (2c, — z)]}. (6.58) 


The values of 7 can be improved somewhat if reflection is provided from the 
part of the output ends not occupied by photomultipliers (figure 6.10). Where 
the lightguides are of significant length, equation (6.57) is sufficiently precise. 
By analogy to a cylindrical scintillator (see page 131), the non-uniformity of 
light collection can be noted as (6.53), where yp = Visol cp. 

Hollow specular parallelepiped lightguides were used by Barton [36] to couple 
a slab with two photomultipliers arranged on the opposite smaller edges. The 
arrangement had good uniformity of light collection along a line perpendicular 
to the axis of symmetry of the scintillator. The uniformity of a similar design 
of counter was studied by Ashton [23]. Figure 6.10 shows the arrangement. A 
rectangular plexiglas container with an internal depth of 165mm was filled with 
liquid scintillator. A telescope made of small counters was used to select the 
direction of the particles (cosmic muons) . The results of the measurement of 
the most probable voltage pulse for points lying on the axis of the counter are 
plotted in figure 6.10 for two liquid scintillators. The first of them had much 
better transparency, but lower conversion efficiency. Data given are for when 
both photomultipliers were included. 

Note the considerably reduced non-uniformity in the second case (compare 
with page 131). The characteristics of the counters were:- 
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Figure 6.10: Liquid scintillator counter with hollow lightguides (from [23]): 

(a) - diagram of the counter; plane mirrors placed on the planes ABEF, BC, 
DE in the lightguide X, the same arrangement in the lightguide Y; 

(b) shows the non-uniformity of transmission for a counter with a liquid scin- 
tillator. Curves 1 and 2 are for the photomultiplier X (z is the distance along 
GH from the point G); 1 is liquid paraffin; 2 is liquid paraffin + 10% Shellsol 
A; 3 is liquid paraffin where the second photomultiplier is included. [Russian 
annotation: Pulse height] 
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Scintillator dsein /% R/% 
Liquid paraffin + PTP + POPOP 18 80 
as above + Shellsol A 36 40 


It is interesting to note that from geometrical considerations (see reference 
[23]) resolution is determined to a greater extent by the contribution made by 
the photomultiplier photocathode statistics than by the transparency of the 
scintillator. 

Where a high uniformity of light collection is required, two photomultipliers 
can be coupled at each end of the slab, connected to it by means of hollow light- 
guides. This arrangement was successfully employed in a whole body counter 
[33] where it provided satisfactory resolution for y-ray spectrometry. 

Apart from hollow parallelepiped lightguides, triangular shaped hollow light- 
guides have also been used [157]. It was found that the use of such lightguides 
reduced light output by 1-1.5 in comparison with solid lightguides, but sig- 
nificantly improved the uniformity of light collection. Similar hollow triangular 
lightguides have also been used in ionization calorimeters for the collection of 
light from several slabs [212, 229] (see figure 4.12). 


Light collection by photomultipliers having Dpm: < 2b) without light- 
guides 


The case of a photomultiplier coupled directly in the centre of the narrow edge 
of a slab and where the diameter is such that 2b, > Dpmt > 2ap. It is easily 
shown that when the source is moved along the z-axis where z < 2b, tany, the 
light collection coefficient can be described by the formulae [224]: 
a YPpmt exp(—VisoK z; 
(6.59) 
Viso = ; Intan (2 + 7) . 


The linear dependence In(rz) against z is derived from equation (6.59). This 
was used in reference [224] to determine the absorption coefficient of plastic 
scintillator slabs when irradiated with a collimated beam of {-particles. This 
arrangement has longitudinal non-uniformity even in the absence of absorption 
over the stated range of distances z. 

Various arrangements with the photomultipliers positioned at some distance 
from the slab, have been employed for the reduction of the non-uniformity. 
Gillespie [117] used 1820 x 910 x 25.4mm plastic scintillator slabs in an ionization 
calorimeter, with energy absorbers 216mm thick interleaved between them. To 
achieve a high degree of uniformity of light collection, photomultipliers with 
Dpmt = 127mm were arranged at a distance from the slab. The degree of 
uniformity increased as the distance increased, although the signal/noise ratio 
was reduced. It was approximately 30 at the selected distance. The angle of 
rotation of the photomultiplier relative to perpendicular going down from the 
centre of the photocathode to the narrow edge of the slab was chosen to give 
best uniformity. The spatial distribution of light collection was determined by 
means of a muon telescope. For the two plastic scintillators: 
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Scintillator K/m =! W,/% 26ty/% 


1 0.8 3.7 14.0 
2 0.5 2.0 6.1 


The smaller non-uniformity of the second scintillator is explained by its greater 
transparency. 


6.3.3 Scintillators in Optical Contact 


Here one of the edges, the output surface, is in complete optical contact with 
the photodetector surface. This is a common arrangement for plastic scintillator 
slabs and also liquid scintillator since no © ngiass. The photodetector surface 
can be a photomultiplier photocathode (if the section of the slab is compara- 
tively small), or the input surface of a solid lightguide. If the lightguide had a 
transmittance independent of the point of entry of the rays and their direction, 
both cases would be identical. As a rule, even if only one of the conditions is 
broken, these cases should be considered separately. 

Because of the limited size of the photomultiplier, complete light collection 
from the output surface of a parallelepiped scintillator takes place for small slabs 
(in dE’/ dx-counters, for example, {207]) or rods. 


The photodetector surface covers the output edge of the slab 


We will consider figure 6.1. Let the lower edge of the parallelepiped be brought 
into optical contact with a photocathode. When this is done the following 
alterations have to be made to figure 6.1: 1) for light sources lying directly on 
the output edge, there is no maximum angle because there is no corresponding 
escape cone; 2) “trapped light” bounces around within the scintillator until it 
leaves through the output edge. 

Figure 6.11 depicts the section of a parallelepiped scintillator parallel to one 
of the side edges. Sections of four of the six escape cones originating at the 
point P,, which is situated away from the photocathode and from the point Pp», 
which is close to it, are shown. Light from the unshaded areas (trapped light), 
which would not be emitted from a scintillator avoiding optical contact, strikes 
the photomultiplier (for example, the ray P, KEM N). Light from the point P, 
is directly incident with the photocathode. As can be seen from the illustration, 
a “direct output” light pyramid overlaps cone 1 and a fraction of cones 2 and 4 
and also of cones 5 and 6, which are not shown on the illustration. 

The light collection coefficient will be determined assuming the absence of 
absorption in the material . From equation (6.1), each output cone contains a 
fraction of the scintillation luminous flux equal to (for no = 1.5) wy = 0.125 
[from equations (6.1) and (3.97)] and wy = Werit. 

Clearly, for the point P,, situated at distance L, beyond the critical length 
Lierit, the value To independent of position is 


19 = Fa +wy =1- 5w,. (6.60) 


Where no = 1.5, 7 = 0.375. 
Considering rays which pass “downwards”, normalizing the luminous flux 
as unity over 47 (unlike on page 74), we find for the light collection coefficient 
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Figure 6.11: Paths of rays in a parallelepiped scintillator: 
a - the point P,, the output cone; 

b - the same, point P ; 

c - point P2, direct incidence with the photocathode. 


where L > Lerit [compare with (3.97)]: 
TH = 0.5 — 0.4: 0.5w, = 0.577 = cosy — 0.5. (6.61) 


As in the case of lightguides, the value Tg; where L > H,,;, does not depend 
on the scintillation coordinate. For np = 1.5, Taj, = 0.25 

Half of all the luminous flux plus half of the trapped light from the point P», 
which lies directly next to the output edge will strike the photocathode, that is, 


1 1 
T= 5 aha = 5 (1 6w) = 1 — wy. (6.62) 


For no = 1.5, To = 0.68. 

Note that the value 7) only applies to a point on the axis of the paral- 
lelepiped. For a point close to the side edge the proportion of direct light incident 
with the photomultiplier is less’, and the value of the light collection coefficient 
is also less. Consequently, even in the absence of absorption, transverse non- 
uniformity is observed for points close to the output window. For a slab coupled 
directly to the photomultiplier (where Dp»: > 2b,), non-uniformities of light 
collection in the area adjoining the photocathode are to be expected. 

For the calculation of the light collection coefficient of a slab r(x, L), data 
concerning the transmission of rectangular section lightguides may be used. By 
analogy to equation (6.34) 





r(x, L) = 5 lraie( 2 L)+ (x, 4cp — L) — Ta(4cp — L)]. (6.63) 


or 
Hedy = altel, ty) Peed yp (6.64) 


Here 7,(z, L) is the transmittance of the lightguide. Equations (6.63) and (6.64) 
are identical in the absence of absorption in the material. If there is absorption in 





“Here there is an analogy with “direct light” in a cylindrical scintillator (see figure 7.1). 
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Figure 6.12: Non-uniformity of light collection in a slab (collection from the 
whole edge), a, = 0.17; ¢, = 1.25. 


the material, equation (6.64) is approximate, but is usually sufficiently accurate. 
If the remote face has a reflector, avoiding optical contact, and with reflectance 


p: 





1(T:— Ta + pTa) Ta 
iS i =1 (1— p). (6.65) 
3Tc Te 
Practically always 4c, > Lerit: 
lee 
er aa 0.5 (1 — 4w,,); 
Qwy(1—p)  1— bw, | 2w,, 





Te haps! = ea dige dae 
Where no = 1.5, 7; = 0.5(1 + p). In the case of a reflector in optical contact 
with the remote face r; ¥ p. 
For sufficiently thin slabs (a, < b,) the results of section 3.1.1 can be used. 
Designating 
ap 


Cp x 
_— = : _—-— = ‘ _-— = i _—-— = l. 
by Ap; bp opi bp bp} bp 


In this case the equality of (6.63) may be noted ignoring absorption where 
n= 1.5 and G, > a, tany (c, > Hg) in the form: 


dp (I 
7) = 0.375 + cotolls so), (1 > 2ap). (6.66) 
On figure 6.12 the function 7/f,(l,&,) is shown for the case: n9 = 1.5; ap = 
0.17; ¢p = 1.25. Absorption in the slab can be taken into consideration 
approximately, introducing the coefficient 1;,.(0,7,) for rays passing upwards 
and downwards. 


Collection of light from an entire edge using rectangular lightguides 


Together with the results of section 3.4.2 the above considerations show that 
with an equalizing rectangular lightguide of length LD > Li, which is a con- 
tinuation of the slab, the detector possesses total uniformity (in the absence 
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of absorption in the material). This remains true if there is a reflector of re- 
flectance p = r; present on the edge remote from the photodetector. From 
equation (6.61): 

T =Tair +11Tdir = Tair(1 +11). (6.67) 


Brini [55] established that for the case of a polished slab with a lightguide 
and a reflector, the light collection coefficient was independent of the point of 
scintillation and that, further, this arrangement was unique in providing such 
uniformity. At the same time, any covering, either diffuse or specular and in 
optical contact with the scintillator, of the other faces, apart from the end-view 
edge, would degrade the uniformity. This is correct if a scintillator with no 
optical contact is used (or with low absorption that can be disregarded) and 
with a surface devoid of defects. In practice non-uniformity is observed, at the 
least longitudinal non-uniformity. 

Note that covering the side edges with a specular reflector (avoiding optical 
contact) has no influence on light collection in this type of counter. Rays emitted 
from the scintillator and reflected by mirrors will not pass through a lightguide 
L > Lenz long and having no external reflector. However, a specular reflector 
will reduce losses associated with surface defects and improve light collection in 
a practical counter. 

Taking into account bulk absorption and by analogy to a slab avoiding optical 
contact: 


T(z) ae Tdir {CXP(—Visof3) +r exp[—VMis0(280 borg BI}; 
(6.68) 
T © Tair |exp(—Yp) + 71 exp(—3yp)]. 


Here for no = 1.5, Viso © 1.4. As was shown on page 143, the value r, is 
determined by the reflectance p of the reflector and the fact that it is optically 
coupled to the slab. Where a diffuse reflector is used at the end the calculation is 
complex. On average there is a rather smaller value of v in the second component 
of equation (6.68). 

A comparison of different end reflectors was carried out in references [73, 165] 
with conclusions which agree substantially with the estimates given. In practise 
r = 1 can be assumed and (6.46) can be used for the maximum non-uniformity 
of transmission. The characteristics of this type of counter taking absorption in 
the scintillator into account were computed by a numerical method in reference 
[55]. An experimental investigation was performed on a counter comprising 
liquid scintillator in a 180 x 180 x 20mm plexiglas container, coupled to three 
photomultipliers by lightguides. 

An example of an arrangement in which light is collected from one end is the 
counter described by Gottschalk [126], as shown in figure 6.13. Longitudinal 
non-uniformity was 26T;y = 11.5%. Having made a series of simplifying proposi- 
tions for K = 0.5m7!, when the point being irradiated was moved from one end 
of the scintillator to the other, the pulse amplitude variation gave 26T,)y = 4%. 
This discrepancy was thought to be due to multiply reflected light. Using equa- 
tion (6.46), we find y, = +4%°'m-0.5m7! = 0.21; 267i = 2y? © 9%, which is 
close to that measured. 

In a later study Gottschalk [127] described a counter of similar construction 
measuring 115 x 286 x 61mm. Ten 50mm diameter photomultipliers (in two 
rows of five each) were coupled to the lightguide. Longitudinal non-uniformity 
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Figure 6.13: Details of a scintillation counter [126]: 

1 - mirror; 2 - scintillator; 3 - lightguide; 4 - magnetic screen; 

5 - photomultiplier; 6 - preamplifier (dimensions in cm). [Russian annotation: 
proton beam] 


was 2671 = 12%. 

As has been demonstrated above, it is worth fitting specular reflectors on 
the side edges of practical counters. External reflectors have been employed in 
a significant number of studies, usually aluminium foil being used. This method 
is more rational, the thicker and shorter the slab [259]. 

Where two photodetectors are attached to opposite ends, T(z) is expressed by 
an equation like (6.58), while the non-uniformity is expressed by equation (6.53). 

Variants of the scintillation counter with light collection across the entire 
edge were compared in reference [35]. A counter was constructed from a 600 x 
400 x 100mm plastic scintillator slab. Light was collected by two 125mm di- 
ameter photomultipliers through a liquid paraffin rectangular lightguide about 
400mm long. 

The photodetectors covered almost the entire area of the output edge of the 
lightguide. When there was a mirror at the edge remote from the photodetector, 
non-uniformity was less than 10%, which corresponds to a value of absorption 
in the plastic scintillator K < 1.0m~!. Arrangements with photomultipliers at 
opposite ends were also investigated. However, because of constructional lim- 
itations, the length of the lightguides at the ends was only 200mm. For this 
reason the non-uniformity of light collection was higher, increasing to 20% close 
to the ends of the scintillator. In reference [126] slabs made of liquid scintillator 
1300 x 900 x 300mm were viewed by four 300mm diameter photomultipliers 
though lightguides 230mm long. Two such counters formed an arrangement 
which could be used for whole body counting of human beings with geome- 
try close to 4x. The non-uniformity 67), was 415%, something which was 
attributed to the insufficient length of the lightguides. 





Light collection from a small part of the output edge of thin slabs 


Thin slabs are often used with rectangular lightguides which are effectively 
extensions of the slab, with one or more photomultipliers coupled to them. 
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Clearly, where L > L,,;; there is no non-uniformity. However, for constructional 
reasons shorter lightguides are often used or they may be dispensed with entirely 
once a certain level of uniformity has been achieved. It is possible to calculate the 
lightguide length necessary in order to reduce non-uniformity of light collection 
to a specified level on the basis of the equations and graphs of section 3.4.4. 
Apart from rays initially traveling towards the photomultiplier, it is necessary 
to take account of rays initially traveling away from the photomultiplier and 
striking it only after reflection from the remote edge. 

Equation (3.94) for TH (I, ,) makes it possible to determine the spatial dis- 
tribution of light collection in a slab for rays initially traveling in the direction 
of the photomultiplier. This function, ignoring absorption, is shown in fig- 
ure 3.18,a. It can be seen that for | > 2 the transmittance is independent of 
the location of the source, so the light collection coefficient for rays initially 
moving away, for the case 2c, > 2b), that is € > 1, is r17,/2. Designating, as 
in chapter 3, the fraction of the output edge occupied by the photodetector as 
fp/2, we find 

4. Jp 


1 
To = THO(I, &p) + g/l Po” (6.69) 


The value r; is determined as on page 143. For n = 1.5, 
T = THO(I, €») + 0.063 fp. (6.70) 


where Tro(l, €,) is determined from figure 3.18a. 
Bulk absorption can be incorporated in equation (6.70) as shown in sec- 
tion 3.1.3: 
T=TH(I,&) +171 0.125 f, exp[—1.4(4¢G, — Ik]. (6.71) 


An expression for the light collection coefficient in cases where there are two 
photomultipliers on the same edge can be derived by analogy. 

A diagram similar to figure 3.17 allows the calculation of the spatial distri- 
bution of light collection for the commonly encountered construction having two 
photomultipliers at opposite edges of a slab. The case is considered in which, 
with the exception of those parts coupled to photocathodes, both output edges 
are covered with a specular reflector. In this case the light collection coefficient 
is determined where ¢, > 1, nop = 1.5 by the equation 


TA(L,&) = Tolls Sp) +71 0.125 fy + 7(2p — Lp) +1710:125 fp 6.79) 
= To(l, &) + T(2¢p — 1, &) + 0.2 fp 





Absorption in the scintillator can be introduced into equation (6.72) in a 
similar way to equation (6.71). The function 74/f,(l,€)) for the case ¢, = 
1 is shown in figure 6.14 where it is assumed that the reflector (9 = 0.8 = 
r,) is situated in optical contact with the slab. Note that, apart making 
light collection more uniform, the use of two photomultipliers on one edge or 
four (on the opposing edges) has another advantage in that where the signals 
are combined in a coincidence circuit the detector background produced by 
photomultiplier noise is greatly reduced [74]. 

Many detectors have used slabs wrapped in polished foil [73, 116, 99, 259], 
which while it does increase the light collection coefficient, also increases the 
non-uniformity and extends the signal in time. The influence of an external 
reflector on the scintillator resolution depends on which factor, the fluctuation 
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Figure 6.14: The spatial distribution of light collection from a slab where cy, = bp 
using two photomultipliers at opposite edges (the curves marked a) and at one 
edge (the curves marked with b) using a reflector r; = 0.8. 
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of 7 or the contribution of the photomultiplier, influences the value R more 
strongly. Thus, in reference [116], in which high energy particles were being 
detected and the photomultiplier contribution was small, a detector made of 
plastic scintillator 125 x 125 x 625mm gave better resolution when wrapped in 
black paper. 


Collection of light from thin slabs using solid lightguides 


In order to couple the narrow edge of a slab with a photomultiplier the light- 
guides described in chapter 5 are used. It has been shown above that the use of 
rectangular lightguides with LD > L.,;i is sufficient to eliminate non-uniformity 
of light collection from a slab in the absence of absorption and where the pho- 
todetector occupies the output end of the lightguide. This statement is accurate 
for small photodetectors on the output edge of the lightguide when two [305] 
or three [24] photodetectors are used and less so when only one is used. If the 
diameter of the photomultiplier is increased the two cases converge [33]. 

Lightguides of this length are inconvenient for constructional reasons and it 
may be necessary to use lightguides L < Le,i¢ long. For simplicity and com- 
pactness short lightguides and a small number of photomultipliers are desirable. 
Reference [25] describes a 50 x 750 x 1400mm plastic scintillator slab with a 
L = 300mm lightguide (ZL < L,,i¢), which served as an extension of the smaller 
edge of the slab and coupled it to a single 50mm diameter photomultiplier. 

Detailed investigation of detectors using a slab with photomultipliers on 
opposite edges was undertaken in reference [259] using liquid scintillator. <A 
method for estimating the length of rectangular lightguides needed in order to 
reduce the non-uniformity to a given value was devised and the effect of various 
reflectors was also investigated. 

For cases where the photocathode diameter is close to the thickness of the 
slab, triangular lightguides employing total internal reflection are often em- 
ployed. The transmittance of such lightguides is similar to the transmittance 
of rectangular lightguides (see section 5.2). This type of lightguide was used, 
for example, in the investigation of light collection from a slab by Barnaby and 
Barton [32]. Plastic scintillator slabs 550 x 175 x 388mm made of were coupled to 
a 45mm diameter photomultiplier’. Lightguides of different lengths were tested, 
the shorter lightguides degraded uniformity. The arrangement selected had the 
lightguide approximately 150mm long and k, = 4. The light collection coeffi- 
cient, was estimated at 0.06. Two small stops were used at the edges of the in- 
put end of the lightguide in order eliminate the increase in light collection there 
(see figure 4.6 for the transmittance of conical lightguides). Non-uniformity 
across the width of the counter was low, while the longitudinal non-uniformity 
OTM ~ +15%. 

Ashton [23] describes an arrangement in which the smaller edges of a 1380 x 
550 x 37.5mm plastic scintillator slab were coupled by two 270mm long prism 
shaped triangular lightguides to two 40mm diameter photomultipliers. The 
maximum deviation of the amplitude from average was 32%, at a point directly 
in front of one of the photomultipliers. 

Several arrangements have the triangular lightguide, usually together with 
the slab, wrapped in polished foil [10, 135]. Alleyn [10] calculated light collec- 
tion using specular images of the source making approximations: only points 








8The reference describes these lightguides as adiabatic, though they do not differ greatly 


6.3 Parallelepiped Shaped Scintillators 149 





3 | 60° Tk, 


100 





CyemyuK 5 CyemyuK & 


Figure 6.15: The configuration of detectors with triangular and quasi-adiabatic 
lightguides (dimensions in centimetres). All the scintillators and lightguides are 
wrapped in aluminium foil with the exception of detector 2 which is painted 
with TiO2 [135] . [Russian annotation: Counter] 


on the axis of the scintillator were considered, the triangular lightguide was re- 
placed by a rectangular guide and reflection from the foil was ignored. Under 
these conditions qualitative agreement with experimental results was found, the 
experimental function 7(z) not having been normalized. 

Walker [317] investigated various plastic scintillators in a fairly standard 
large area counter arrangement, constructed from a 25 x 300 x 1400mm plastic 
scintillator slab, coupled to a photomultiplier by a triangular lucite lightguide. 

The lightguide was 300mm long, 300 x 25mm at one end and 50 x 25mm at 
the other. Both the lightguide and the slab were wrapped in aluminium foil. 
The dependence of the relative pulse height on the distance along the z-axis of 
the instrument was measured, the reduction in V(z) giving a measure of light 
absorption in the scintillator. Note that the values found for the attenuation 
length depend essentially on the specific construction of the detector and are 
not equivalent to the attenuation length of the plastic scintillator. 

Quasi-adiabatic lightguides are commonly used to couple slabs to photo- 
multipliers. Counters with such lightguides are simpler in construction than 
counters with parallelepiped lightguides and use less material, which can have 
an effect on the background rate of the detector. Several investigations of such 
counters have been undertaken, for example, [73, 212, 125, 176, 75]. 

Comparisons of systems using adiabatic or triangular lightguides are not 
sufficiently unambiguous to draw a final conclusion, since different authors have 
made measurements with slabs of different sizes and under different conditions 
of external reflection. Grieder [135] describes light collection from a 50mm 
thick slab using a 20mm thick triangular lightguide in comparison with a quasi- 
adiabatic lightguide (figure 6.15). In both cases the counters were wrapped 
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Figure 6.16: The relative mean pulse height as a function of the distance z along 
the longitudinal axis of a scintillator (reading from the lightguide-scintillator 
interface). All curves are normalized to unity at z = 0 [135]. [Russian an- 
notation. On frame: Counter, PMT. Left:Relative mean pulse size. Bottom: 
Distance,cm.] 


in aluminium foil. The comparison of the counters shown in figure 6.15 is 
presented in figure 6.16. The superiority of a thicker lightguide over a thinner 
guide, given that the other dimensions and the shape of the lightguides remain 
the same, is identified. This must be the effect of reflection from the external 
reflector and surface defects. It is clear from figure 6.16 that irrespective of 
whether quasi-adiabatic or triangular lightguides are used, it is worth using two 
photomultipliers at opposite edges. 

In reference [212] the spatial distribution of light collection from a 6.4 x 
500 x 500mm plastic scintillator slab coupled to two photomultipliers on two 
sides by curved adiabatic lightguides (see figure 4.12) was investigated. The 
largest deviations from the average were no worse than 7%. A significant part 
of this non-uniformity can be ascribed to the incomplete symmetry of the left 
and right lightguides. 


Light collection by twisted strip lightguides 


Completely covering the output edge of a parallelepiped detector with photomul- 
tipliers will certainly give very uniform light collection, however, for slabs with 
large b, and small a,, this requires a large number of small diameter photomul- 
tipliers, which is technically infeasible. Consequently twisted strip lightguides 
which transform the shape of the beam appear attractive (see chapter 5). Such 
lightguides are an assembly of rectangular section lightguides, so the assump- 
tions valid for counters with rectangular section lightguides of length LD > Lerit 
are, in principle, valid here. This refers primarily to longitudinal non-uniformity. 

Usually such lightguides are in optical contact with the slab, although in 
the initial study of this system [125] the lightguide was coupled to the slab 
avoiding optical contact. In this work, a twisted strip lightguide as described in 
section 5.3 was used to couple the edge of a slab 406 x 6mm to a photomultiplier. 
The length of the edge 2c, was 457mm. The lateral non-uniformity dT.¢n across 
the further end was less than 5%. 
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The investigation of a slab counter with various lightguides, including twisted 
strip lightguides, was carried out in reference [73]. The non-uniformity of trans- 
mission for a 457 x 457 x 6mm slab, wrapped in aluminium foil, was 415%. 
Tonapetyan [281] studied the characteristics of counters 200 x 200 x 15mm and 
200 x 200 x 60mm with twisted strip lightguides. Lateral non-uniformity with 
a drop towards the edges of the slab was found. 

Lehraus and Matthewson [183] studied the spatial distribution of light col- 
lection from a 100 x 100 x 10mm plastic scintillator slab with a reflector on the 
face remote from the photodetector. The light attenuation length in the scintil- 
lator A, was 2.5m, so these results are effectively those for a scintillator without 
absorption. A comparison was made of the characteristics of a counter and 
lightguide wrapped in aluminium foil with those of a counter without foil. The 
unwrapped counter without no reflector on the remote face with a lightguide 
made of three curved strips possessed the best non-uniformity. 

The coupling of twisted strip lightguides to a photomultiplier was considered 
in chapter 5. Comparison of the light collection from slabs using various types 
of lightguide [73, 125, 222, 281] invariably showed the considerable superiority 
of counters with twisted strip lightguides in terms of both signal magnitude and 
uniformity of light collection. 

The collection of light from slabs using twisted strip lightguides may be 
summarized by the following points. 

1. It would appear to be difficult to transmit rays corresponding to Tg; 
[equation (6.61)], that is, corresponding to an aperture angle 0, (see sec- 
tion 3.1.2) because, following reference [322], the aperture angle wu, is deter- 
mined by the equality sin u; = cosy. Where ng = 1.5 





1 
= 5 —cosu,) = 0.17, (6.73) 


while a concentrating light collector makes an additional reduction of the section 
possible (no = 1.5): 
ot 1 
# S2 sin? (3 - 7) 

2. Latitudinal non-uniformity may be essentially eliminated. 

3. Longitudinal non-uniformity, determined by the absorption in the mate- 
rial, may be calculated according to equation (6.45) for collection of light from 
one end only. In accordance with (6.68) where b, = cp 





=18. (6.74) 





7 = 7(k) = Bplexp(—yp) + r1 exp(—3yp)], (6.75) 
where y, = vKby © 1.2k; By, = 7%; ¢q is the area of the photodetector. 


Assuming r; = 1, with accuracy up to y>/2: 
2b B 
z= orn be [1 + exp(—2yp)). (6.76) 


Designating = qc; a = Pe, then 





P. = ¥ #11 + exp(—2yp))?s (6.7) 





1 Wea = Trin F _ ns] : — tanh? Yp- (6.78) 
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Methods of improving the uniformity of light collection from slabs 


As shown above, the collection of light from two ends of a slab significantly 
improve uniformity, however, this is not always possible. In those cases where 
light is collected from one end and high uniformity is essential, the construction 
of the counter is made more complicated. Since usually slabs like this are used 
for the detection of particles which pass through them, a reduction in light 
collection from the remote end can be compensated by increasing the thickness. 
The slab then becomes a truncated wedge, while in order to maintain optimum 
conditions of light transmission, a wedge made of non-scintillating transparent 
plastic with a similar refractive index is coupled to the slab in optical contact. 
In this way light transmission takes place in the same way as in a parallelepiped 
slab [8, 179]. 

An improvement of uniformity may be achieved by surrounding the scintil- 
lation element (slab) with non-scintillating transparent plastic. This method 
together with specially chosen reflectors made it possible to construct a counter 
with a circular working area of 80mm diameter with optical non-uniformity 
dr = 5.5% [171]. 
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Chapter 7 


Scintillators with Diffuse 
Reflection 


7.1 Applications of Scintillators with Diffuse Re- 
flection 


Scintillators having diffuse reflection at their faces (diffusing scintillators) have 
been used from the beginning of scintillation development. An analysis of the 
capabilities of diffuse light collection was undertaken in references [242] and [55]. 

Diffusing scintillators, the optics of which resemble that of integrating sphere 
photometers, make it theoretically possible to attain a light collection coefficient 
approaching unity. Further, the absence of preferred output directions for the 
rays means that a high degree of uniformity can be achieved. For scintilla- 
tors with low absorption, uniformity is greater, the closer the scintillator is to a 
sphere and the smaller the the output window of the scintillator is. This reduces 
the fraction of direct light in the flux striking the photocathode, however, this 
inevitably reduces the light collection coefficient. As a rule, optimum conditions 
are found experimentally. In practice, the output window is not always insignifi- 
cantly small in comparison with the complete surface and the ratio of direct light 
to diffuse scattered light may also vary greatly. For this reason non-uniformity 
of collection can be significant and an additional cause of non-uniformity is bulk 
absorption in the volume of the scintillator. 

Examples of detectors with diffusing reflecting surfaces are alkali halide scin- 
tillators, NaI(T1), CsI(T1), Lil(Eu) and others, used for the detection of pen- 
etrating radiation: y-rays and neutrons. Diffuse reflectors are matt finished 
and used at a height of between 0.2-0.3 and 3-4 times their diameter. Such 
detectors, as used in y—ray specrometry have a resolution determined by the 
non-uniformity of light collection, consequently, there is a requirement for small 
dT or W, over the volume of the detector. The value 7 affects the detection 
capabilities of the detector (section 1.2). 

The second important example is that of large volume scintillators using 
liquid or plastic scintillator with one or, more frequently, a large number of 
photomultipliers. Diffuse reflection is also used for small volume liquid and 
plastic scintillators, usually with the height comparable to the diameter. 
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The basic problem of large scintillators is obtaining sufficiently large pulse 
amplitudes, that is, the value 7. For a fixed counter volume, this is attainable by 
an increase in the photodetector surface (the total area of the photocathodes) 
and in the reflectance of the walls. The same is true of liquid scintillators in 
small containers, especially when used to measure the activity levels of low 
energy isotopes, for example tritium [248, 187]. 

As was shown in chapter 1, the loss of efficiency associated with the discrim- 
ination threshold also leads to certain demands on the uniformity of 7. 


7.2 Equation of the Light Collection Coefficient 


On page 115 it was stated that it was possible to compose an equation for the 
light collection coefficient from a cavity correct for any law of reflection from the 
surfaces [263]. In the case of diffuse reflection, a Fredholm’s integral equation 
for illumination intensity is derived from the general expression: 





E(r0) = - / plmso) (mono) exp(—roi/A) E(r1) dS, + Esource(¥o). (7-1) 
01 

Here rp and r, are the coordinates of the point under consideration and the 

point on the element of the surface dS); 79; is the distance between the points; 

Nio is the unit vector in the direction joining these points. 

An equation like (7.1) has been proposed for photometric problems, usually 
without taking absorption into account (see, for example, [246]). For a cavity 
of volume v and surface S, with low absorption of luminous energy either in 
reflection or in the medium which fills it, (a, e < 1) and for the case of a small 
aperture, f = § <1, the light collection coefficient can be found quite simply 
from equation (7.1). The solution of the equation has two components: the 
main part is the light collection coefficient independent of the position of the 
source, and the second part is direct light from the source to the photodetector. 
If a surface reflects according to Lambert’s law, the asymptotic solution [263] 


applies: 
J I 
— £4+at+C ftat+C 





7.2) 


Here 4 4 
= Vv = Vv 
Srp’ Ss ) 
Without making the above assumptions regarding the smallness of losses, 
the expression for the light collection coefficient can be noted as (the initial flux 


is taken as unity): 


T(ro) = a(ro,0) + pf a(ro, dS)A(S, 0); \ 
A(S,0) = a(S, 0) +p f a(S, dS’) A(S’, 0). 





(7.4) 


In the above expressions a(r,0) is the scintillation energy from the point ro 
incident with the photodetector (taking into account absorption in the material); 
a(ro,0) is the same for incidence with the surface element dS; a(S, dS’) is the 
fraction of light incident with the point S on the surface of the scintillator which 
subsequently strikes the surface element dS’. Note that the comparatively 
simple form of equation (7.4) is linked with the assumption that the distribution 
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of scattered light does not depend on the angle of incidence, that is Lambert’s 
law is obeyed. Equation (7.4) has been solved in problems of applied optics 
with varying degrees of approximation (see, for example, [246, 202, 203, 52]. 
It has also been used to calculate the light collection coefficients of cylindrical 
scintillators [178, 122, 123]. 

The problem of light collection is most simply solved for a spherical surface 
(a sphere photometer). The integrals of equation (7.4) are in this case calcu- 
lated analytically and the following expression is found for the light collection 
coefficient 

(1 — wo)? f 


L=pil= pe 
Here t; = exp(—KL}) is the probability of the non-absorption of scintillation 
light over the path L, between the source and the photodetector; wo is the solid 
angle of the photodetector relative to the source; t = exp(—KL). Equation (7.5) 
for t = 1 and wo & O is known as the sphere photometer equation. It can be 
found directly by the summation of the luminous fluxes escaping through the 
aperture o after reflections from the surface of the sphere (see, for example, 
(275]). It is shown in monograph [275] that to simplify the construction of 
instruments, cubes and other polyhedra for which the sphere photometer equa- 
tion applies with some approximation are sometimes used instead of spheres. 
However, the degree of approximation achieved is not sufficiently precise. 

In scintillation detectors the application of the sphere photometer equation 
is complicated not only by the variety of detector shapes and the existence 
of bulk absorption, but the dependence of the light collection coefficient on 
the coordinate rg of the source is usually important. To a large degree this 
dependence is linked with the finite value f. 

For non-spherical volumes the following equation is more exact than equa- 
tion (7.5) 


T(ro) = wo(Fro)ti + (7.5) 


(1 — w)ptw 
=t 7.6 
r 1 [oo + oe (7.6) 
For solids with three comparable dimensions it can be replaced by the less 
exact equation 
(1 = wo) ptf 
T= ty [ | 
Tpit =F) 


For simplicity, equation (7.6) is also known as the sphere photometer equation. 

This type of equation was used in the first part of this work: here experi- 
mental determinations of accuracy are examined and compared with numerical 
solutions of equation (7.4). Equations (7.5) and (7.6) give the light collection 
coefficient for a given point of the volume. If wo is replaced by do (the relative 
solid angle of light striking the photocathode averaged over the volume) the 
coefficient 7 becomes the mean light collection coefficient 7. For solids having 
three comparable dimensions, wo * Wo, then 


x wt 
t= ea) (7.7) 
In this case w & f and 
t 
z~——t (7.8) 
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Equation (7.8) was first applied to a light emitting surface in reference [249], 
subsequently variants of equations (7.5)—(7.8) have been used for scintillators 
(170, 167, 55, 53, 68, 234] using different treatments for the estimation of direct 
light. 

Sphere photometer equations have been used to calculate the light collection 
coefficients of liquid and plastic scintillation counters, usually of large volume, 
and with all three dimensions approximately equal. Clark [69] showed that they 
were applicable to large area scintillators. In all these cases no attempt was made 
to calculate the maximum angles of light output from the scintillator. Fan [101] 
attempted to apply the sphere photometer equation to the calculation of light 
collection from NalI(T1), his disregard of the factors mentioned makes his results 
questionable. A method of calculating maximum angles, and consequently the 
application of the sphere photometer equation to scintillators in incomplete 
optical contact was given in reference [296], and subsequently in [78]. 

Like a concentrating lightguide, a diffusing scintillator which has an output 
window smaller than its cross section is a concentrating system. From the 
arguments of section 1.5.4 it can be concluded that as radiant emittance and 
absorption are independent for a scintillation source, the output window of a 
detector can be a radiator with arbitrarily great luminosity. 


7.3 Cylindrical Scintillators 


Cylindrical scintillators are amongst the most commonly encountered scintilla- 
tors using diffuse reflection. The reasons for this were considered in chapter 6. 
They are employed both for the detection and spectrometry of radiation, pri- 
marily penetrating radiation (y-rays, fast neutrons). The calculation of light 
collection is different for the two cases: “complete optical contact” and “incom- 
plete optical contact”. The dimensions of detectors are usually designated by 
the product D x H(mm). 


7.3.1 Scintillators in Complete Optical Contact 


In complete optical contact there are no maximum angles as the light passes 
from the scintillator onto the photocathode (see page 126). This is the situation 
for a number of commonly used scintillation detectors: 1) liquid scintillators 
in PTFE or glass containers painted with white paint (enamel) and in optical 
contact; 2) plastic scintillators covered with white enamel and in optical contact; 
3) gas scintillation counters, the walls of which are covered with a wavelength 
shifter. 


The sphere photometer equation for cylinders 


The sphere photometer equation can be used to estimate the light collection 
coefficient in cylinders. As was shown in the preceding paragraph, this formula 
has been employed more than once for the computation of the light output 
of scintillators with a low value of f, however, its application to cylindrical 
volumes is not obvious. The assumptions made in its derivation are in this case 
invalid. The aperture ratio f is, in general, not small and increases in proportion 
to the reduction of h, the ratio between the cylinder height H and its radius 
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Figure 7.1: Dependence of the solid angle wo(a,/) on position in a cylinder 
(numbers on the curves are the values of /). 


R. Conversely, the uniformity of illumination of the surface by an individual 
scintillation is less, the greater is h. These considerations make experimental 
investigation of the applicability of the sphere photometer equation to cylindrical 
scintillators in complete optical contact desirable. 

This was done in reference [295]. Equation (7.6) may be used to calculate r. 
The value f is calculated in an elementary fashion, the value w was calculated 
following reference [5] (see section 1.6). The value wo may be calculated for a 
light source situated on the axis at the height z according to equation (1.57). To 
calculate wo for scintillation at an arbitrary point in the volume and at distance 
r from the axis, that is, with relative displacement a = r/R, the equations of 
section 1.6 for an isotropic source should be used. The function wo(a,l) for 
points of the volume of the cylinder is shown in figure 7.1. 

To calculate ¢t and t; for cylindrical scintillators [see equation (7.5)] uset. 


2 H A 
Ly = Viso ($) : 2? (7.9) 


the value L, calculated for a sphere is 


- 4 

L= 3h 
and the same value is found by estimation according to equation (7.3). An 
analysis of experimental results and comparison for several cases calculated by 
computer indicates that this value of L is usable for cylinders with h within the 
limits 1-4. 

In figure 7.2 the coefficient of light collection is shown as a function of the 
coordinate t (where a = 0) for cylinders with various relative heights h, calcu- 
lated according to equation (7.6) where p = 0.75. Equation (7.6) permits the 
spatial distribution of light collection in a cylindrical scintillator in complete op- 
tical contact to be found to a degree of approximation. It is possible to find the 
average value of 7 over the volume of the cylinder using the graphic integration 
method. Calculation showed that where | > 0.5 with satisfactory accuracy (no 
worse than 10%) the correlation wo(a,1) = wo(0, 4) was fulfilled. 





1The calculation of vis where h = 2 gives L, = 0.6H. Approximately this value is usable 
at other h. 
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Figure 7.2: Light collection coefficient as a function of source coordinate for 
cylinders with various relative heights h: 1- Experiment; computation according 
to equation (7.6); - - - according to (7.6b); according to (7.10). 


The spatial distribution of 7 obtained from equation (7.6) also permits the 
contribution of light collection to the resolution of these scintillators to be found. 
This contribution is determined in the form of the distribution w. (see equa- 
tion (1.14). 


Application of the theory of diffusing lightguides 


Another approach is possible for the passage of light within a cylindrical vol- 
ume with diffusing walls. By analogy with diffusing lightguides, the spread of 
light can be treated as a problem of diffusion in a medium with scattering and 
absorption. In the case of a lightguide the source lies in the plane of the input 
end of the cylindrical lightguide, while the photodetector lies in the plane of the 
output end. Expressions for 7, in the function p, 11, r2,! were found on page 65. 
Note that that on page 65 a one dimensional problem was solved and that the 
radial dependency for 7. could not be found, nor can the equations for trans- 
mittance on page 67 be applied directly to the volume of a scintillator due to 
differences in the geometry. However, the theory can be modified to conform to 
the present case. For an area with relative coordinate | = z/R, situated not too 
close to the output window, the flux of light emitted from the scintillator onto 
the photodetector can be regarded as the sum of the luminous fluxes F), di- 
rected towards the photocathode, and F2, which strikes the photocathode after 
reflection from the far end of the cylinder (see figure 1.6). 

Thus F; and F2 are luminous fluxes leaving the source along diffusing light- 
guides with relative lengths / and 2h — 1. These lightguides can be regarded as 
having totally reflecting input ends (r; = 1) Consequently, 
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T(h,l) = slrell) + pT-(2h — 1)]. (7.10) 


With the aid of the equations on pages 65-67, the dependencies t(z) can be 
constructed for the cases h = 2.8 and h = 3.8 (p = 0.75,r1 = 1,re = 0), as 
shown in figure 7.2. 


Experimental data 


An experimental investigation of light collection in cylindrical detectors having 
complete optical contact and with diffuse reflection, using the modelling method 
described on page 124 was undertaken in reference [295]. PTFE cylinders with 
different height to radius ratios h were placed on the photocathode. The light 
source could be moved axially along the cylinder. The reflectance of the PTFE 
at A = 430nm was 0.75. The anode current J was measured and so the light 
collection coefficient r = I/Ig was determined as a function of the source height. 
Cylinders with h = 0.8,1.75,2.8 and 3.9 were used. The experimental values 
T(z) for these values of h are shown as points in figure 7.2. They were compared 
with the values calculated according to the sphere photometer equation (7.6a), 
(7.6b) where t = 1. As can be seen from figure 7.2, the case h = 1.75 gives the 
best agreement between computation according to equation (7.6a) and experi- 
ment?. 

A shorter cylinder (h = 0.8) gave a discrepancy of about 15% for r(z). For 
longer cylinders (h = 2.8 and h = 3.9) discrepancy between experiment and 
computation did not exceed 10% right up to 1 ~ 2. The difference between 
equations (7.6a) and (7.6b) did not exceed 10%. For long lengths the best 
agreement with experiment is given by equation (7.10), which is appropriate for 
values of h <10-15. 

The modelling method was used in reference [295] to find the distribution 
of light output over the volume of the scintillator. The model of the diffusing 
scintillator in complete optical contact was a matt finished beaker made of 
transparent plastic with R = 40mm, H = 75mm. The beaker was surrounded by 
a casing and the space between the walls filled with magnesium oxide (p = 0.95). 
The beaker was filled with glycerine which could be coloured to alter K. A 
cover made of transparent plastic loaded with magnesium oxide floated on the 
liquid. By locating the light source in the volume at radius r and height z, 
it was possible find the spatial distribution of light collection. Computation 
using equation (7.6a) was performed for this geometry, where k = KR = 0.08 
(figure 7.3). 

The computation was compared with experiment for the case where the 
container was filled with glycerine having K = 2.0+0.2m~' (k = 0.08). The 
difference between experiment and computation did not exceed 5% at any point. 

For scintillators with large values of k it is difficult to find the spatial distri- 
bution computationally, except for axial points, however, it is possible to find 
it by the modelling method. Thus, for example, the function r(z,r) was found 
for K = 9.0m~! for the same model (k = 0.36). 

The method of computing light collection described can be used for the 
determination of the mean light collection coefficient by averaging the values 
of 7 from equation (7.6a) or, approximately, assuming 7 = 7(0,h/2). The 








? Agreement improves if Fresnel reflection from the photodetector is taken into account. 


37 


40 


page 184 
3 


5 


20 


24 


26 


28 


30 


38 


17 


20 


23 


page 186 


162 Scintillators with Diffuse Reflection 





Figure 7.3: Spatial distribution of light collection throughout the volume of a 
scintillator with R = 40mm; H = 75mm; K = 2.0m7!; p = 0.95. solid — 
computation; broken — experiment. Numbers on curves are values of z. Point 
normalized where z = 1;r = 0. 


dependence of 7 on k for h = 2 shown in figure 7.4 was found by this method, 
the experimental 7 coinciding satisfactorily with computation. 

Using the spatial distribution found or by computation, the pulse height 
distribution at the counter output can be constructed as a histogram and the 
value W, found. This was also done in reference [295]. 


7.3.2 Scintillators in Incomplete Optical Contact 


Amongst scintillators of the type under discussion are the widely used inorganic 
single crystals NaI(T1) and CsI(T1), both in standard and in “dry” packing [294] 

and organic single crystals such as stilbene, anthracene and others for which 
Nrel > 1 (see page 132). 


Modification of the sphere photometer equation for scintillators in 
incomplete optical contact 


Equations (7.6), which have been applied to liquid scintillators and plastic scin- 
tillators, can not be applied to scintillators with n,.~; > 1 as here the light output 
solid angle is not determined solely by the geometry of the detector. When us- 
ing equation (7.6a) it is essential to take account of the maximum light output 
angles. This results in an modification of the calculated angles w and wo, as 
shown in in references [296, 200, 299]. 

Clearly, in the case of incomplete optical contact, of the rays from within 
the scintillator that are incident with its output window, only those which lie 
within the limits of the angles of incidence 0 < y escape. For this reason it is 
essential to change wo and w to wi and w’ in equation (7.6a). When this is done 
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Figure 7.4: The dependence of 7 on & for a liquid model, curves - computation. 
[Russian annotation: Computation. Experiment] 


the ratio between the corresponding quantities is constant and is 


/ 
wp 
WwW 


= fo sin 0 dd, (7.11) 
0 


where J(W) is the distribution function for photons incident with the output 
window, normalized to unity over the solid angle 27. Consequently, for the 
solution of the current problem, the angular distribution of light within the 
scintillator must be considered. 

Drawing on the analogy between the motion of photons in a closed volume 
and the random movement of molecules in an evacuated container, it can be 
assumed that photons from within the scintillator and incident with an element 
of the surface have a cosine distribution®: J(0) = 4cos¥. The distribution 
function J(#) can be found experimentally by the transformation of a function 
which has been measured, j(@), the scintillator luminous intensity, which is 
emitted into a medium of refractive index n;. Assume 


J(9) av = 5(6) dd. (7.12) 


Because 
sind =n,ey sind; cosddé = nei cosv dv, 


cos 


J(9) = 5{6(0)] 


In reference [299] the function j(0) was determined experimentally for 10 x 
10mm Nal(Tl) detectors in the standard packing and with plexiglas (n; = 1.5) 
as the external medium. 

By transforming the function j(@), using equation (7.13), the function J(v) 
was constructed. The deviation of this function from the cosine distribution 
was no greater than the level of error of the experiment. By comparing equa- 
tions (7.15) and (7.17) it can be seen that this type of scintillator will radiate 
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according to Lambert’s law into any medium, irrespective of refractive index. 
Indeed, j(@) ~ cos 0. 

Considering the distribution of photons in the scintillator to be cosine, from 
(7.11) 





i 
1 1 
g=20 | cos sinv dd = : (7.14) 
us Nrel 
0 
Taking (7.14) into account, equations (7.6a) and (7.6b) may be used with the 
modifications: 


wo =. wo/n2.13 w" | w/e; i = flies (7.15) 


The modified versions of equations (7.6a) and (7.6b) can be used for solids of 
various shapes, including cylinders. 


Determination of the light collection coefficient from integral equa- 
tions 


As shown in section 7.2, a more exact light collection coefficient than the sphere 
photometer equation may be found if integral equations of the same type as 
(7.4) are chosen for cylindrical scintillators. This was carried out for several 
partial cases in references [178, 230]. Further, calculation of 7 for NalI(T1) 
based detectors with various values of k and h was carried out in references 
[122, 123] for all values of parameters which have a practical application. In the 
computation, the surface of the scintillator was assumed to be ideally diffusing, 
that is, it was assumed that the directional distribution of the reflected light was 
cosine regardless of the angle of incidence. The diffuse reflectance was taken as 
p = 0.96. Computations were carried out for n,;¢; = 1.23 and n,¢; = 1.85. 

The calculation of the values a(5S,0), a(S, dS”), a(M,0),a(M, dS’), the so- 
lution of integral equation (7.4) and the calculation of T were carried out by 
computer. Then the distribution function over the volume of the scintillator 
was calculated according to the value 7 with the statistical fluctuations of the 
photomultiplier taken into account. In this process the half width of the rel- 
ative scattering of the photomultiplier was assumed to equal 0.05/,/7, which 
corresponds to the resolution of an average photomultiplier for voltage pulses 
with an amplitude equal to the voltage pulses from Nal(T1) when E, = 661keV. 
The results of the calculation for several values of h where k = 0 and k = 0.1, 
Nyret = 1.23 were compared with calculation following the modified sphere pho- 
tometer equation. Both methods of computation were found to be satisfactorily 
in agreement. This justifies the assumption that L ~ aR may be considered 
independent of h. 

Some investigations have shown satisfactory agreement between the val- 
ues found for 7 and those found experimentally. However, the contribution of 
light collection to the intrinsic resolution of scintillators found by computation 
was considerably higher than that found experimentally. The reasons for this 
discrepancy are analysed below. 





3By an analogy with the output of light from an aperture in a model black body radiator. 
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Figure 7.5: Dependence of the ratios t = aes and s = rats on H/D 


for two fixed values of KH; solid — kK H = 0.05; broken — KH = 0.2. 


Calculation of effective reflectance 


The difference between actual diffuse reflecting surfaces and ideal (Lambertian) 
ones was examined in section 1.5.2. The difference can be allowed for to a degree 
of approximation using a single parameter: effective reflectance p. The function 
p(@) (see figure 1.11) has been applied to the calculation of light collection in 
scintillators [121, 303]. The relative refractive index on the interface between 
the crystal and the photomultiplier was taken to be 1.23 (in the case of optical 
contact). The values p,h,k,n,;e: were varied within the limits of the area of 
practical interest. In particular, the computation was carried out for nye; = 1.85 
(a scintillation detector avoiding optical contact) and ne; = 1.23 + (detector in 
optical contact). The spatial distribution of the coefficient of light collection T(r) 
was characterized by the value 7 with a relative dispersion W, and longitudinal 
optical non-uniformity dT,;4. The calculation was carried out by computer. The 
computation for » = 0.75 ° was compared with the case of the cosine law of 
reflection. The results of the comparison for n,¢; = 1.23 are shown in figure 7.5. 

The difference between the results found for p = 0.75 and the case of p = 0 are 
explained by two factors: 

1) the presence of a specularly reflecting and directionally spreading light 
results in a more effective distribution of light in the direction of the output 
window from points distant from it. This factor becomes particularly important 
in the case of scintillators extended in height (h > 1); 

2) in the case of scintillators with small output aperture angles (that is, with 
large ne) the effective reflectance results in a reduction of the value 7 (a large 
fraction of the trapped light). 

For detectors with a large h and a sufficiently large output aperture (ne: = 
1.23), the first factor results in the growth of 7. For a scintillator with a small 
angular aperture, the second factor has a stronger influence on light output (the 
role of the first factor grows as h increases). 

From figure 7.5 it is clear that, in calculating 7, Lambert’s law is only appli- 
cable to scintillators with a sufficiently large angular aperture (n,.¢; = 1.23) and 





4For p > 0.75 the dependence of 7 on j is weak. 
5See appendix, table A3. 
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0 05 p- 


Figure 7.6: The dependence of 7 and W, on mean effective reflectance p where 
values of H/D and KH are fixed. The numbers by the curves are the values of 
H/D. (- KH =0.05;- KH = 0.2) [121]. 


a value of h = 2H/D close to two when factors 1 and 2 are weakly expressed. 
The dependence of mean light output 7 and its variance W; on the mean effec- 
tive reflectance p is shown in figure 7.6. In addition to p which is tabulated 
in appendix table A3, the point p = 0, corresponding to a surface reflecting 
according to Lambert’s law, was used to construct the curves in figure 7.6. 


Stopped scintillators 


In some cases scintillation counters are used in which the output window of the 
detector has a diameter D larger than the photocathode diameter Dpm:. The 
ratio of the corresponding areas is 


q/d = DD? =a@<l. 


This type of counters often possesses sufficiently good scintillation character- 
istics at a low cost and with small physical size. These advantages are par- 
ticularly valid in the case of large diameter detectors. A number of references 
(78, 299, 174, 120] are concerned with investigations of similar arrangements. 

The reflectance Pstop of the stop is important for the calculation of the light 
collection coefficient. The method of finding 7 is similar to that described on 
page 157, resulting in the equation 


trelul + tol’ — wh) 
1 — tp[1 — w! + tpstopw’(1 — x)] 





ees (7.16) 

The function (7.16) has a convenient form if it is presented in as a function 
1/7 on 1/a. 

If white reflectors (Pstop © 1) are placed between the scintillator and the 
photomultiplier photocathode, the function 1/7(1/2) is a straight line cutting 
off the positive segment on the y-axis. If the reflector is black (pstop < 1) the 
straight line passes through the origin of the coordinates. The linear functions 
1/7 of 1/a were found experimentally in references [78] and [200]. 

The data from experiments with stopped scintillators can be used for the 
determination of their absorption coefficients. 
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The dependence of the resolution of this type of counter on the diameter of 
the photodetector or stop will be considered. Evidently the light collection co- 
efficient for areas lying directly above the stop (“shadowed areas”) is somewhat 
smaller than for points lying above the photocathode. This inevitably leads 
to some increase in the intrinsic resolution R,,;n in proportion to reduction in 
the diameter of the stop. The change of R,.;, will be less in the case of a 
white stop. The effect of a stop on resolution was investigated numerically in 
reference [120], where it was shown that for a significant reflectance on the side 
surface of a detector, a lightguide height of H ~ 0.15D was sufficient. 

Note that the influence of stopping on intrinsic resolution depends greatly on 
the dimensions of the detector. If the detector is irradiated from the direction of 
the input window with the height of the detector greater than the attenuation 
length of the y-rays being measured, then the contribution of the shadowed 
areas to the signal is not great and intrinsic resolution is constant as far as large 
values of I/a. 

These considerations explain the equality of the intrinsic resolution Rg.in 
of a 200 x 100mm Nal(T1) detector coupled to a a FEU-49 photomultiplier 
(Dpmt = 160mm) in measurements with a lightguide and with a white stop 
[174]. It follows from the constancy of Rscin in these circumstances indicated 
that one can determine the intrinsic resolution of an Nal(T1) detector of, for 
example, 120 x 100mm by measuring the diameter of the stop [42]. 


Determination of the light collection coefficient of detectors and the 
absorption coefficient of scintillators with the aid of a sphere pho- 
tometer 


In calculating 7 for a detector, the absorption coefficient K of the scintillator 
must be known. Direct measurement of this variable for scintillation crystals is 
difficult since K is small and because of the requirement for special packing of 
hygroscopic scintillators. A simple method of determining the absorption coef- 
ficient is desirable which would be suitable for the large-scale non-destructive 
testing of scintillation detectors in diffuse packing. Such a method is described 
in reference [138]. The characteristic directly measured, using a sphere photome- 
ter, is the reflectance ’,,.,, for light incident with the output window of a packed 
detector. The photometer has various optical filters, which allow p’,,.,, to be 
measured, by illuminating the scintillator with light of different wavelengths. 
Figure 7.7 shows the measurement of p’,,.,, for packed diffusing scintillators. 
As can be seen from the diagram, the variable measured 7,,.,, consists of the 
sum of three Fresnel reflections on the interfaces (corresponding to the rays 1, 2 
and 3) and the variable which interests us directly Pmeas (corresponding to the 
luminous flux 4): 


Pmeas = 0 eas — Pfres- (7.17) 


Basic studies have been carried out with Nal(Tl) crystals. In the case 
of crystals in standard packing, with optical contact between the glass of the 
container and the crystal, Fresnel reflection is low at the interfaces between 
the contact fluid and the glass and between the contact fluid and the crystal 
since the refractive indices of these media are close. Here pfres is essentially 
determined by reflection at the interface between the glass and the air and is 
0.05. In the case of crystals dry packed without optical contact, it is necessary 
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Figure 7.7: The measurement of the reflectance of a detector using a sphere 
photometer: a - sphere photometer; b - container glass; c - contact fluid; d - 
scintillation detector; F - incident flux; 1, 2, 3 - rays reflected from the interface; 
4 - luminous flux reflected from the walls of the detector. 


to take Fresnel reflection from all three interfaces into account. Since light does 
not originate within the crystal in these experiments, but enters it from outside, 
and since the initial flux is reflected from the walls of the scintillator, to convert 
from Pmeas to the light collection coefficient 7 (in the rest of this paragraph the 
symbol 7 will be changed to 7) it is necessary to divide pmeas by the reflectance 
p of the scintillator packing. In consequence: 


T = Pmeas/0.95. (7.18) 


In equation (7.18) 7 should be understood as the mean light collection co- 
efficient for a scintillator without optical contact. If the diameter of the output 
window is greater than input diaphragm of the sphere photometer, equation 
(7.16) should be used when determining 7. (In reference [138] a FMSh-56 type 
sphere photometer with an input diaphragm of diameter 27mm was used.) 

In reference [138] a comparison was carried out of experimental values of the 
coefficient of light collection for NaI(T1) scintillators of varying geometry with 
the values of 7 calculated according to the formula 


pw! x(1 — wox)t 


1— pt(1 — wx) er) 


T=ty |wort 


Since the crystals investigated were practically transparent to yellow light 
(Am = 580nm), t = t; = 1 was assumed in equation (7.19). The value + 
(for Ayq = 580nm), measured for detectors of various dimensions, was plotted 
on a graph as a function of h. In correspondence with the theory, the points 
for detectors of various dimensions with identical values of h coincided. The 
function T(h) was plotted on the same graph, calculated according to equation 
(7.19). Experiment and calculation were in good agreement. 

By measuring the reflectance and the pulse amplitude of NalI(T1) detectors 
(in arbitrary units), the link between their coefficients of light collection and 
technical light yield can be found. Typical dependencies of light collection 
coefficients on the technical light yield V of NalI(Tl1) detectors 40 x 40mm in 
normal packing are shown in figure 7.8 (curves 1 and 2). ‘The light yield 
of scintillators and the light collection coefficients are shown in relative units 


29 
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Figure 7.8: Dependence of the characteristics of NaI(T1) detectors 40 x 40mm in 
standard packing on V/Vstan: 1 - T/Tstan Where A = 400nm; 2 - T/Tstan where 
» = 580nm; 3 - ”/Nstan 


according to the ratio of the given dimensions to the same model scintillator 
(“standard”). Curve 1 was found with the lightguides illuminated through an 
optical filter with a maximum transmission band of 400nm. Since the maximum 
of the basic illumination band of the Nal(T1) crystals was 410nm, the curves 
given make it possible to judge the transparency of Nal(T1) crystals to natural 
radiation. The linear dependence of the light collection coefficient on V which 
is found is close to proportional. Consequently, the difference in the technical 
light yield of NalI(T1) scintillators is determined basically by their transparency. 
Indeed, as is evident from curve 3 in figure 7.8, the relative physical light yield 
of scintillators 7 = V/r, for scintillators with a technical light yield varying 
within limits from 70% to 110% of the standard, is practically unchanging. 

Curve 2 in figure 7.8 is found when the scintillator is iluminated through 
an optical filter with a maximum transmission of 580nm. As can be seen from 
the curves, Nal(T1) crystals (with light yield of between 60% and 100%) are 
practically transparent to yellow radiation. Similar dependencies were found 
for crystals of other dimensions (30 x 40, 30 x 63, etc.). 

The satisfactory agreement of the experimental values of 7 found using the 
method described with calculation according to the sphere photometer equation 
together with the practically complete transparency of the scintillators to yellow 
light makes it possible to determine their absorption coefficient kK. To this 
end the dependence of 7/7) on K, where 7 is the value of 7 for K = 0, was 
found according to equation (7.27!!) (figure 7.9, curve 1). Then, having 
determined experimentally the ratio of the light collection coefficient values for 
the Nal(T1) scintillator when illuminated through a blue filter (Ayz = 400nm) 
and a yellow filter (Ay; = 580nm), 7490/7580 © T/To, the absorption coefficient 
of the scintillator is found from curve 1. Note that the degree of error when 
equation (7.19) is used to calculate the ratio T(i)/7o is significantly reduced 
than when the numerator and the denominator are calculated separately. 

The absorption coefficient of a scintillator can be determined from the rela- 
tive technical light yield without measuring the reflectance. To do this normalize 
curve 1 (see figure 7.9) once the dependencies Tstan/7 have been found. Here 
Tstan is the value of the light collection coefficient for the standard scintillator 
with a blue optical filter. 
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Figure 7.9: Dependence of the characteristics of NaI(T1) detectors on the ab- 
sorption coefficient K: 1 - 7/10; 2 - T/Tstan} 3- V/Vstan; 4- 7/Nstan 


Curve 2 (see figure 7.9) was found in this way. Knowing the dependence of 
T/Tstan On V/Vetan (curve 1, figure 7.8), the dependence of V/Veran on K can be 
constructed (curve 3, figure 7.9). With statistical data on the measurement of 
light yield of a Nal(Tl) scintillators of various dimensions and in various pack- 
ing, it was possible to construct the distribution of crystals according to their 
absorption. The absorption coefficient of the majority of crystals investigated 
lay within the limits 0.005-0.035em~!. The light yield of the “standard” 40 x 40 
corresponds to the absorption coefficient K = 0.0125cm~!. It was also found 
(curve 4, figure 7.9) that physical light yield 7 (at 20%) was observed where 
K > 0.05-0.07em~?. 

Having determined the divergence of the technical light yield of an Nal(T1) 
scintillator from the “standard” of the same dimensions, the rejection value of 
the absorption coefficient can be found according to the dependence of V/Vetan 
on Kk. 

In reference [205] several formulae from reference [138] were defined more 
precisely by taking effective reflectance into account. Thus, the following 
formula was given for the function pmeas(K): 





pt! [wo ak = pt) ae pus'| 
meas — . 2D) 
: 1— pt(1— ww’) (7-20) 


In the same reference it is shown that the same methods allow the reflectance 
of paint to be determined from within using a cylinder with a known K (see 
page 24). 


Resolution of detectors in incomplete optical contact 


Detectors using NaI(Tl) and CsI(Tl) were used for y-ray spectrometry from 
the beginning of scintillation technology. Questions arose regarding the factors 
which determined the resolution of scintillation spectrometers employing these 
detectors and about the limits of this resolution. In the early studies, the role of 
the photocathode statistics was explained and the relationship eee = Ay/V 
was proposed, where V was proportional to the scintillation energy reaching the 
photocathode. An additional contribution to the value Repecy for optically im- 
perfect (turbid, scattering) scintillators was postulated (see, for example, [45}), 
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however, Kelly [166] showed that there was also a contribution to Repect in 
transparent Nal(T1) scintillators. This contribution was called the “intrinsic 
resolution” of the detector. The intrinsic resolution of NaI(T1) detectors and 
the factors which determine it were investigated in many studies. Experiments 
were carried out in them to divide these factors into: 1) the intrinsic resolution 
belonging to the material NalI(T1) itself, irrespective of shape, dimensions or 
Ra; 2) the contribution of Ry to resolution owing to non-uniformities of 7 and 
n (consequently, R,; enters into R2). The second factor is sometimes known as 
“residual resolution” [147]. The contribution of R, to resolution determined 
by the non- linear dependence of the light yield of an NalI(T1) crystal on electron 
energy, aN ~ const, found by Zerby [329] and Airedale [156] belongs to the first 
factor. This effect manifests itself in two ways. 

Since the total absorption peak arises not only as a consequence of the 
photoelectric effect but also as a result of several Compton interactions with 
consequent photoelectric absorption of y-rays, the non-proportional function 
V.(E) must result in the broadening of the total absorption peak. 

Further, scattering also occurs in the energies of the secondary electrons 
(3-rays) which originate when the electrons slow down and amongst which the 
energy of the y-ray has been distributed. Note that the contribution of Ry 
depends to a certain extent on the dimensions of the crystal. 

A series of studies [147, 227, 274, 199] data regarding the dependence of Rescin 
on the y-ray energy were used to find the dependence of “residual resolution” 
Ry on energy E,. The computational data in references [156] and [329] were 
used for the contribution of Ra. In references [274] and [199] the contribution 
of multiple interactions was determined experimentally. For EL, = 663keV the 
value R, lay within the limits 3.5-5.5%. The results of the different studies on 
the determination of Rz are in only approximate agreement. For y-rays from 
187Cs, Ry was 5.5-5.8% [147], 4% [199]. This is not surprising if it is recalled 
that Re is found by an indirect method and that, apart from the contribution 
of light collection R,, it also incorporates non-uniformities 1. 

The existence of a contribution from light collection to the resolution of small 
detectors has been shown on several occasions in the testing of detectors using 
collimated beams of y-rays (see, for example, [83, 130]). 

It is desirable to determine R, directly. Prescott and Takhar [227] at- 
tempted to measure the contribution of light collection by using a model Nal(T1) 
detector-liquid scintillator (K = 0) irradiated by a-particles. The model was 
located on a photomultiplier in optical contact. The contribution of light collec- 
tion R, was 7.5%. Such a large value can be partially explained by the complete 
optical contact between the detector and the photomultiplier. Model experi- 
ments were also carried out using the method described on page 124 [296], the 
model detector being located on a photomultiplier with a coupling compound 
having n; = 1.34 (sugar solution). In this way n,<-; was 1.12, close to the value 
Net = 1.23 (Nal(Tl) in optical contact with a photomultiplier). The liquid used 
had & = 0.08 and experimentally R, ~ 10%. 

The method of determining the light absorption coefficient in NaI(T1) detec- 
tors and their physical light yield described on page 166 allowed the correlation 
between Rsein and K to be established for 400 x 400mm detectors when irra- 
diated with y-rays from 1°’Cs (figure 7.10). Extrapolation of the function 
Rscin(K) to K = 0 allowed R, & 4.0-4.5% to be estimated. (Note that where 
kK = 0 light collection still makes a contribution to resolution, R, 4 0, since 
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Figure 7.10: The dependence of the intrinsic resolution of NalI(T1) detectors 
400 x 400mm on the absorption coefficient. 


p # 0.) This value of R, corresponds to estimations made in references 
[156, 329, 199]. For K = 0.0125em~', taken as a standard from figure 7.10 (see 
page 170) we find: R, ~ 4%. 


The effect of light collection has also been determined computationally. 
Kukushkin and Ratner [178, 230] used K = 0.147cm™! (from [143]) and the 
cosine law of reflection. Integral equations in the form of equation (7.4) were 
solved and the resolution was 8-12% for detectors with diameters of 30-60mm 
and heights of 15-60mm. The shapes of the curves w(r) differ significantly 
from Gaussian. 


The task of determining R, for NalI(T1) detectors over a broad range of h 
and k was solved in reference [122], a cosine law again being assumed. The 
calculated values of R, were significantly higher than the experimental data. 
Thus, for h = 2, nrey = 1.23. Where k = 0.025-0.050, R, =11-14%. 


In reference [121] (see page 165) the contribution of light collection to the 
resolution of NaI(T1) based detectors was calculated taking effective reflectance 
into account. The values for dispersion calculated taking effective reflectance 
into account and those using the approximation of cosine reflection are signif- 
icantly different (see figure 7.5). This is explained by reference to the same 
effects of reflectance considered on pages 165-166, which affect 7. The first 
factor leads to an increase of light yield from points distant from the output 
window, that is, to a significant reduction of the difference in light yield from 
various points in the volume of the scintillator. In consequence, the increase of 
effective reflectance leads to a reduction of relative dispersion W, in comparison 
with purely cosine reflection. However, for NaI(T1) detectors, a totally reflective 
surface (p = 1) is undesirable in consequence of the second factor, which when 
p = 1, leads not only to a reduction of 7, but also to an increase in W; as a 
result of the radial dependence of T. 


It follows from figure 7.5 that in the calculation of dispersion, Lambert’s law 
is not generally applicable. 


The computations in [122] allow the calculation of the intrinsic and instru- 
mental resolution of Nal(Tl) based detectors of various dimensions for fixed 
values of K and Ry. If Ra = 4.8% [157] and K = 0.0125cm7! are taken as 
typical values, for detectors with dimensions from 10 x 10mm up to 63 x 63mm 
values of r are found from 6% to 7%. 
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7.3.3 Scintillators with Combined Reflection 


Various arrangements of combined reflection have been used for scintillators in 
complete optical contact. Total internal reflection on the side surfaces to- 
gether with diffuse reflection at the end, was considered on pages 129-131. The 
arrangement of combined reflection on the side surfaces and diffuse reflection 
at the end is of interest. For example, this arrangement was used by Parsons 
[219] for a modular fast neutron counter consisting of 32 liquid scintillator de- 
tector modules. Each of these was a 70mm diameter, 450mm long lucite tube 
with polished walls wrapped in white cardboard. Light collection for similar 
arrangements was investigated in reference [300], where the spatial distribution 
of light collection for h = 2 and h = 6 with k = 0-0.4 was determined using the 
modelling method. 

The values of 7 and W, for both cases were compared by modelling with 
completely diffusing or specular reflection. Combined reflection of the type 
suggested was preferable for the cases studied. It is significant that it reduces 
radial non-uniformity. In reference [27] combined reflection was used to reduce 
the longitudinal non-uniformity of light collection from a cylindrical rod made 
of plastic scintillator (D = 75mm; H = 1.10m; Ay = 3.0m). One section 
of the rod was wrapped in black paper, another section in white paper. The 
dependence of V, was measured using a collimated beam of y-rays. Longitudinal 
non-uniformity was reduced to +2% by wrapping a 250-1050mm section of the 
rod in white paper and the remainder in black paper. 

In reference [302] polishing the lower section of the side surface H,, adjacent 
to the photocathode was suggested. The remaining section and the upper end 
had diffuse reflection. For this arrangement 7 increases for points distant from 
the lower end since not only direct light strikes the photocathode but also, fol- 
lowing a small number of reflections, light reflected from the polished section of 
the side surface. A computation of the optimal ratio H,/H for cylindrical plas- 
tic scintillator detectors in optical contact with the photodetector (n,;<-; = 1.08) 
was undertaken. Computation of the light collection coefficient was carried out 
using the methodology described on page 157. It was assumed that the pol- 
ished section of the surface was surrounded with specularly reflecting covering. 
Computations, carried out for p = 0.8 (aluminium foil) and p = 0, showed 
that the first case gave a smaller value of W;. The dependencies 7,0, and 
Respect (where Rpmt = 20%) were calculated from H/H for h = 2,k = 0.2 and 
h=4;k =0.1. The relative dispersion W, possessed a well expressed minimum 
where 0 < Ai/H < 1; Aimin = 0.3 in the first case and Hy min = 0.5 in the 
second. The computation was tested against a liquid model. 

A construction of interest is a cylindrical detector in optical contact, with 
its entire surface polished and the detector surrounded with a diffuse reflector 
which is not in optical contact with the cylinder [300]. Here the mean light 
collection coefficient is 
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Here 7(yz] is the luminous flux emitted through the surface of the polished 
scintillator (apart from the output window) and Tszop is the probability of light 
reflected by the reflector undergoing incidence with the photocathode. Com- 
putation following equations (6.41) and (7.6a), and (6.3) into account and an 
experiment on a model for the cases h = 2 and h = 6 permitted the following 
conclusion to be drawn: for h < 2 the value m,¢, is reduced as k increases from 
1.7 where k = 0.05 up to 1.25 where k = 0.4; where h ~> 2 the value Mre fj 
does not depend on k, Mre fy & 1.5. 

For Nal(T1) detectors in incomplete optical contact, with h ~ 1-2, only 
diffuse packing is used. However, where h ~> 6, a specular finish is applied 
to the side surfaces and the matt end [106]. The crystal is surrounded with 
a diffusely reflecting powder. Combined packing of this kind provides the very 
best uniformity of V(z), as, for example, when there is an optimal concentration 
0.4 Tl in the batch (in this case a certain drop of T(z) where 0 < z < 200mm is 
compensated by by a growth of 7(z)). However, areas with a slightly smaller 
signal size (optically defective areas with a reduced 7) are found in the crystal. 
Carlson [60] proposed local matting of the corresponding sections of the surface. 
This leads to an increase in 7 in these areas so that rays which would have been 
trapped if there were specular reflection are able to strike the photocathode with 
some degree of probability. This method is used in the production of detectors 
with large values of h. 


7.4 Large Volume Counters 


7.4.1 Areas of Application and Principles of Construction 


The expression large volume counter has been used by different authors to indi- 
cate a detector with a volume greater than 30 litres [144], 100 litres [196] or 300 
litres. [302] This increase is connected not only to the development of construc- 
tion techniques but also, as in the case of large area counters, with progress in 
the development of transparent scintillation materials. The characteristic fea- 
tures of these detectors are as follows: 1) the three dimensions of the detector 
are comparable with each other; 2) the total surface S of the detector is greater 
than the area of the photomultiplier cathodes by a factor of several tens. 

Large volume counters are mainly used for detecting penetrating neutral 
radiation (y-rays, neutrons or neutrinos). In most cases the dimensions of the 
counters are comparable with the path length of the radiation being recorded 
in the detector material. They are also used for the detection of high energy 
charged particles if detection of the decay products or accompanying processes 
is required. The efficiency of these detectors depends essentially on the mass of 
the material used. 

Large volume detectors can use either plastic or liquid scintillator and can be 
coupled to one or more photomultipliers. Usually, as large a signal as possible 
and the lowest possible dispersion of that signal are required. Depending on the 
conditions of the experiment, either one or the other of these conditions is of 
greater importance. 

The general constructional principles of large volume detectors are as follows: 
1) the light attenuation length of in the scintillator Ay must be comparable or 
greater than the mean path L of a photon in the detector; 2) 2) the walls must 
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have high reflectance; 3) the area covered by photocathodes must be as great 
as is permitted by convenience of use and economic considerations; 4) if unifor- 
mity of light collection is important, an even arrangement of photomultipliers 
is indicated. 

The value 7 can be estimated according to the approximate formula (7.8) 
and this confirms the importance of attaining a value of f as high as possible. If 
the shape of the detector is determined only by the requirement for the optimum 
light collection with a given volume, spherical detectors are used. The minimum 
values of S and L for the volume v are also achieved. Detectors of various 
shapes close to the spherical are more convenient from a construction point 
of view [204]. Cylinders with diameters comparable to their heights used as 
y-ray spectrometers [59], neutron detectors [71], neutrino detectors [234] and 
parallelepipeds (for example, y-ray spectrometers [155]) have also been used. 

In other cases detector geometry is determined by the experimental circum- 
stances. Detectors shaped as rectangular parallelepipeds with three comparable 
dimensions are used as shields against cosmic radiation in experiments with 
neutrinos [236, 235]. Hollow cylinders in which the scintillator fills the space 
between the walls have been used for the monitoring y-ray activity in vivo 
(145, 14, 146] and the detection of neutrons and y-rays from fission [82, 319]. 
Cylinders, sometimes parallelepipeds, with central cavities are used as shield 
scintillators to reduce the background of the main counter [110, 218]. Similar 
shaped detectors are used as external scintillators in anti-Compton scintillation 
spectrometers [92, 325] and semiconductor spectrometers [254]. Typical photo- 
multiplier arrangements are at the ends of a cylinder and on its side surface. 
The first arrangement can be treated as a slab rolled into a tube and conclusions 
about the superiority of specular or diffusion reflection can be made in the same 
way as for slabs. 

Usually the material for large volume detectors is plastic scintillator or liquid 
scintillator, the latter often with special additives to change its atomic compo- 
sition (for example, Cd and Gd in thermal neutron detectors). Detectors using 
Nal(T1) crystals of such dimensions that the collection of light using several pho- 
tomultipliers is expedient are also encountered. Constructions of this type may 
be regarded as large volume counters with incomplete optical contact. They 
are widely used as external detectors in anti-Compton spectrometers. Their 
superiority in comparison with organic detectors is their better resolution and 
light yield, which make it possible to work with reduced threshold (in terms of 
energy), and smaller dimensions. 

The number and arrangement of photomultipliers in large volume counters 
can vary but, in general, as the overall area occupied by photocathodes increases, 
T is also increased. This is achieved both by using large diameter photomultipli- 
ers and by increasing their number. However, while more photomultipliers im- 
proves the uniformity of light collection, it also complicates adjustment and use 
of the detector. Large diameter photomultipliers (for example, Dpmz = 400mm) 
often have increased non-uniformity of the photocathodes and introduce ad- 
ditional non-uniformity of light collection [234]. Considerations of simplicity, 
especially if many detectors are to be employed, indicate the choice of a single 
photomultiplier [28]. 

The arrangement of photomultipliers is determined both by the conditions 
of light collection and by additional requirements: minimizing the mass of the 
shield, the arrangement of other detectors, etc. Usually in spheroidal construc- 
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tions the photomultipliers are situated in a fairly uniform manner. For detectors 
which have one dimension significantly less than the others, the photomultipliers 
are situated on the surface perpendicular to this direction. 

If high uniformity of light collection is required, lightguides of various types 
can be employed. Reines [234] suggests separating the photomultipliers from 
the scintillating liquid with a layer of non-scintillating liquid. In reference [28] 
using a lightguide 100mm long reduced 67,,;n from 50% to 15%. 

As has been shown, the computation of the light collection coefficient in 
large volume detectors is carried out using equation (7.8), further analysis can 
be found in reference [167]. 


7.4.2 Non-Uniformity of Light Collection 


It is difficult to investigate the non-uniformity of light collection in large volume 
detectors. However, this non-uniformity is of importance since it affects the 
linearity for radiation of this type. This can be seen especially clearly from the 
example of y-radiation. Regardless of the small section of the photoelectric effect 
in organic scintillators this produces a peak in a large volume which takes place 
as a result of a cascade of Compton scatterings. The thickness, for complete 
absorption of y-rays from radioactive isotopes, as calculated in [14], is about 
300mm. However the peak, although it is asymmetrical, also appears at lesser 
thicknesses®. The energy fluctuation released by the the y-ray in the detector 
is one of the factors which influence the resolution of large volume counters 
(along with the photomultiplier contribution and the non-uniformity of light 
collection). Burch [59, 155] showed that the contribution of light collection 
can be influenced by the measurement of the spectra of the pulses from y-ray 
emitters of various energy levels. Sometimes the practical characteristic of a 
counter made of organic materials is taken to be its half-resolution for y-rays of 
a particular energy. 

A significantly higher demand on the resolution of a large volume detector 
is made when large single NalI(T1) crystals are used. A typical problem is 
the construction of a shower counter (total absorption spectrometer) for the 
determination of the energy of very fast electrons or y-rays. An account of 
the principles of this type of detector and the demands on its dimensions and 
resolution is given, for example, in studies [327, 128]. Note the possibility of 
building a detector with a mass of several hundred kilogrammes. A large signal 
amplitude and a vanishingly small contribution from photomultiplier noise make 
it desirable to reduce R, to 1%. The problem is complicated by the fact that 
large volume counters are made of several single crystals. Several methods of 
improving the uniformity of light collection in such detectors will be given. 

Reference [153] has a description of a counter measuring #400 x 600mm 
made up of three #400 x 200mm crystals in the same can and intended for 
energy up to 14GeV. Signals from the main photomultipliers, arranged on the 
base of the first cylinder were corrected by additional signals from compensating 
photomultipliers connected to the remaining crystals. This reduced the axial 





6Only the true slope, according to which the half-resolution 


Respect = AV , 
2 Q° 


V. 


is determined, has Gaussian shape. As usual, AV = 2.360. 
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non-uniformity from +10% to 45% and in reference [154] they succeeded in 
achieving a further improvement of uniformity. 

Reference [7] describes a spectrometer for 7-rays up to 100MeV, which was 
assembled from separate Nal(T1) detectors measuring 150 x 150mm and @225 x 
150mm. Four photomultipliers, Dpm: = 75mm, were arranged on the side 
surface of each detector. To reduce non-uniformity of light collection, that 
is, to reduce 7 for zones close to the photocathode in comparison with those 
at a distance lying close to the ends of the detectors, the authors used liquid 
scintillators made of silicone oil. In them had been placed venetian blind 
shutters, which reduced the signals from direct rays. The effect was tested in an 
experiment, in which the crystal was replaced with liquid model and a miniature 
lightbulb. Non-uniformity was reduced by four times (dT * 1%). 

Counters for measuring the level of activity of organisms and large biological 
objects are of great importance. They are intended for taking measurements in 
4r geometry or as close to this as possible. The quickest method of measuring 
the activity of an organism is the use of a whole body counter using plastic 
scintillator or liquid scintillator. Although their spectrometric qualities are sig- 
nificantly inferior to Nal(T1) based counters they are notably superior in terms 
of speed of measurement. Similar counters with lesser dimensions are used to 
measure the radioactivity of small animals and foodstuffs. 

Whole body counters intended for humans must possess an internal space 
with a diameter of 0.4-0.6m and a length of 1.8-2.0m. The thickness of the layer 
of detecting material must be 300-400mm, which suggests an external diameter 
of 0.8-1.4m. The major difficulty is attaining high quality (the ratio of the 
count rate squared to background). This can be attained by increasing the 
relative area f occupied by photocathodes, which helps to increase the ratio of 
signal to photomultiplier noise. Thus in the Humco-1 counter (1958) f = 1.6% 
[13], in the NE8107 counter (1967) f = 12% [210] and in the counter used in 
reference [146] f = 9%. 

As has been demonstrated, large counters based on organic scintillators 
give a “pseudophotoelectric peak” when detecting y-rays. Since *°K is usually 
present in the biological objects under investigation, the half-resolution a Repect 
for “°K gamma radiation is quoted in descriptions of counters for biological 
purposes and is usually 20-30%. 


7.5 Large Area Counters with Diffuse Reflection 


Several projects have required the construction of a large area counter with 
diffuse reflection. One approach is to use liquid scintillator in metal tanks 
coated on the inside with white paint. This is simpler and cheaper than using 
plexiglas containers with optically perfect surfaces, which would be needed for 
liquid scintillation detectors using total internal reflection. Further, there are 
only a few liquid scintillator solvents which do not attack plexiglas. 

The difficulty of using such counters is linked with the fact that where one 
dimension is small in comparison with the others (a, < 1) multiple reflections 
take place with light losses (similarly to cylindrical scintillators). 

Researchers have usually compared slabs with diffuse reflection and one or 
other form of specular reflection (usually total internal reflection with an ex- 
ternal reflector). An example of this is reference [99]: where a construction 
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with diffuse reflection was discarded in favour of total internal reflection with 
an external reflector. 

In reference [135] a comparison was carried out between constructions which 
were essentially a slab with two triangular lightguides (see figure 6.15) and 
using two different kinds of reflection: total internal reflection with aluminium 
foil (Counter 1) and diffuse reflection (Counter 2). The values of 67,, were found 
as 0.15 and 0.80 respectively 7. 

Conclusions about the unavoidably high non-uniformity of light collection in 
similar types of slabs were made in reference [74]. The best results were given 
by various methods of correcting light collection, mainly based on reducing 
the thickness of the plate at the edges [181, 229]. Using this method, a non- 
uniformity of 67m < 3% was attained in [181]. Slabs with combined reflection 
are used more commonly in particular a counter with total internal reflection 
(plastic scintillator, liquid scintillator), surrounded by a fully or partly diffuse 
reflecting surface [124, 140]. This type of construction is the final variant 
of a counter of dimensions 5400 x 570 x 125mm described in reference [74]. 
A lucite container was put in a casing coated on the inside with white paint. 
This increase the signal somewhat but led to additional non-uniformity. Some 
improvement of uniformity was achieved by wrapping the ends of the tank in 
black material (to a length of ~ 400mm). 





7 Apart from the slab, the lightguides were also painted. The use of such lightguides offers 
little advantage. 
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Chapter 8 


Problems in the Design of 
Scintillation Counters 


The choice of diffuse packing of a scintillator or the use of total internal reflection 
(possibly with additional external reflection) is determined by the problem to 
be experimentally investigated. Using the methods set out in chapters 4, 6 and 
7 approximate computations can be made which allow a choice between the 
forms of reflection to be made for several typical cases. When the problem is 
formulated precisely, the optimal arrangement and geometry of the detector can 
often also be found. 


24 


28 


8.1 Cylindrical Counters with Maximal Light Col- 


lection 


As has been demonstrated above, comparing both types of reflection is only 
useful for a particular group of detectors which are distinguished only by the 
type of reflection on their surfaces. Here we consider cylindrical scintillators of 
the same diameter as the single photomultiplier which is in complete optical 
contact. 

In reference [300] the values 7 and W; were compared for detectors of both 
types. Experimental data was found by using models of scintillators with 
h = 2,4,6 and various values of k: from 0.05 to 0.4. The method of com- 
puting 7 for a detector with total internal reflection was that given on page 129. 
The computation of 7 for a scintillator with diffuse reflection was carried out 
according to equations (7.6) and (7.10). Intermediate values of 7 were found by 
interpolation. The results of the experiment coincided to a satisfactory extent 
with the computed dependencies. The values of relative dispersion W, were also 
determined for the cases given above. 

The function 7(h) for various values of k is shown in figure 8.1. This 
figure 8.1 permits regions of h and k to be identified for which a greater light 
collection coefficient is ensured by one or the other type of reflection. 

Note that a result close to that in figure 8.1 is also found for a scintillator 
with total internal reflection when a specular or diffusing reflector is used at the 
remote end and where r; is between 0.8—0.95. 
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Figure 8.1: Dependence of 7 on h for scintillators with total internal reflection 
(solid lines) and diffuse reflection (broken lines): 1, 2, 3 - computation; points 
- experiment with models; Curve 4 divides the areas of the values of k and 
h corresponding to the larger values of 7 for scintillators with total internal 
reflection (right) and those with diffuse reflection (left). 

[Russian annotation: (PVO =) Total internal reflection. Diffuse reflection.) 


8.2 Optimization of Detectors of Given Volume 


This problem is usually encountered with large volume counters. The efficiency 
of such detectors depends above all on the mass of material used. A detector 
shape close to spherical is usually chosen when there is diffuse reflection (see 
section 7.4). 

The search for an “optimal detector” will be formulated as follows: the 
scintillator volume v(m?), the absorption coefficient in the material K(m~') and 
the area q of the photocathode (or photocathodes) are fixed and it is required 
to construct a counter with the maximum mean light output. A scintillator 
formed as a parallelepiped of square section 2a, x 2a, x H will be considered. 


8.2.1 Scintillators Using Total Internal Reflection 


The construction considered in section 3.4.4 is used. One photomultiplier is 
attached to the square face remote from the face having a reflector of mean 
reflectance for all angles of incidence 7; = 0.8. It is assumed that scintillation 
illuminates the output edge uniformly. 
Designating 
K(4a2H)*? =ko; vKH/2=y. 


Converting a, and H to v and y we find from equation (6.75): 
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The light collection can be characterized by the dimensionless parameters: 
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Figure 8.2: Dependence of P. on ko for a scintillator of given volume: 1 - 
scintillator with total internal reflection; 2 - with diffuse reflection (2a - r = 0.9; 
2b - r = 0.8) 
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Then, assuming tp = 0.17, x = 1.8, v = 1.2, we find: 


Pe = airy) (8.2) 
G(ri,y) =y(e 4% trie **). (8.3) 


The function ®(r1,y) has a smooth maximum in the region y = 0.5-1.2. As- 
suming y = 1,r; = 1— a, = 0.8; we find ®(y) = 0.4. In the same way, for 
optimal lengths (where K = 5 x 1078-2 x 10-2em~!; L = 200-50cm) 


P. = 0.09/ko. (8.4) 


The function P.(ko) for this case is illustrated in figure 8.2. 


8.2.2 Scintillators with Diffuse Reflection 


Let the scintillator surface be covered with a reflector of reflectance p. Desig- 
nating H/a, = h, t = exp(—vKa,) and assuming v = 1.5: 


pft gov 2h?/3 








= ~~ 3 8.5 
= 7p PRfexp(eh-13) — | tA) = 
In the same way: 
where £8 
1 h 
p(p, h) (8.7) 


~ exp(kh-1/3)—p 14h" 


The function y(h) for all values of k possesses a smooth maximum in the 
region h = 2-4. Assuming h = 3, the divergence of the function y(h) from the 
maximum is no greater than 10%. The dependencies for p = 0.8 and r = 0.9 
are constructed from this (see figure 8.2). 

A comparison of the two cases that have been considered shows that the 
optimal method of light collection is diffuse for any value of k = Ka, under the 
conditions of the experiment. 
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8.3. Cylindrical Counters of Given Cross-sectional 
Area and Maximal Sensitivity 


29 
Here we understand sensitivity C? to be the ratio of the count rate to the 


31 flux density of radiation incident with the detector from a given direction. The 

attenuation of the flux within the detector is not taken into account in the com- 

3s putation and the direction of the flux is of no significance. The same definition 

pase 211 of C'® can be used to determine the radiation flux from a radioactive isotope of 

given specific activity distributed throughout the volume of a liquid scintillator. 
According to the definition: 


C® = e4H -2Rpp. (8.8) 


6 Here ég is the physical efficiency of the counter; pg is the detector efficiency 
determined for a given spectrum of particles by the discrimination threshold B 
9 and the value of r. Approximately, within the assumptions made 


Tv 


where yp is the absorption coefficient of the primary radiation in the scintillator; 
is 5 is its mean path in the detector. 

Assuming that the initial pulse spectrum (where 7 = 1) is uniform in the in- 
terval (0, £), then for points of the scintillator having light collection coefficient 
fe 

E,-—B 8 B 
PB E : 7 (8.10) 
is This sensitivity is a suitable parameter for the comparison of detectors using 
identical types of scintillator. 





CB 
ce ==. 8.11 
0 TR3 ( ) 
21 We will carry out a computation for the mean point of the scintillator. Then, 
if we convert 7 in equation (8.10) to 7 (we will omit the line below), we find it 
for the sensitivity which has been cited. 


CB =h (1 = =) (8.12) 


T 


8.3.1 Scintillators Using Total Internal Reflection 


28 


For sufficiently large h the light collection coefficient it expressed by equa- 
20 tion (6.44). Using simple transformations of equations (8.12) and (6.44) we 


me 1.4 3.65 e% 1.4 
Cy =7 y (1 a ) =F F(y, 8,71). (8.13) 





k 1+r,e72¥ k 


page 212 +n the interval 0 < y < 1, which is of practical interest, 


Yy 
E 205+ 9" +0.9y +42. (8.14) 


Y(y) = 1 +r, e-2y 4 


3 The function 
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Figure 8.3: The dependence of C®, and h on k for scintillators with specular 
and diffuse (@ = 0.8) reflection. solid lines - C@,(k), broken lines - hm(k). 
Designation: s specular diffusing 

0.05 13 

0.10 2 4 


F(y,s) = y[1 — 3.6sY (y)]. (8.15) 


possesses a maximum when 








0.1 Op 
a . 3. mal 
y i 0.076 2 0.3 (8.16) 


When r; = 0.8 
1 
neon a 


Calculating the corresponding extreme values of Fo(s), we find the dependence 
C&,, on k for a given s (figure 8.3). The corresponding extreme values of hin 
are also drawn on the same diagram. 


8.3.2 Scintillators with Diffuse Reflection 


As was shown in section 7.3.1 (see also figure 8.1) for an approximate calculation 
of the light collection coefficient the sphere photometer equation can be applied 
when h < 6 and the diffusing lightguide formula when h > 6. Hence, to find 
the optimal values of h and C? the extremum of function (8.12) must be found, 
while the value 7 is determined by equations (7.6) or (7.10) Expressions for hm 
and C&, were found in the same way (table 8.1). The value \,, is found 
from equation (8.16) when ym is changed to A», and s to 0.55s/®(a). The 
dependencies h,,(k,s) and C?, are shown on figure 8.3 for p = 0.9; s = 0.05 
and s = 0.1. 
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Table 8.1: Values of h,, and O®, for a counter with diffuse reflection 


8.4 Optimal Design of Large Area Counters 


The application of large area counters and the demands made on them are 
discussed in sections 4.3 and 6.3.3. 

Consider a scintillator in the form of a square slab. In order to choose the 
optimum construction it is necessary to compare two possibilities: 1) the collec- 
tion of light from the larger face with a diffusing light collector; 2) the collection 
of light from the narrow edge with the aid of lightguides. In comparing these 
two methods one must take the specific character of the problem into account, 
especially if it is necessary to assemble a construction made of many such slabs; 
for example: are counters with a large overall sensitive surface required or is a 
multi-layer construction necessary. Construction and economic considerations, 
etc. also play a role. However, in some cases the researcher carrying out the 
experiment has a free choice between both methods. In this case, evidently, it 
is necessary to proceed on the basis of typical experimental requirements: a) as 
large as possible a value of 7 and b) the minimum value of 67,4 over the area 
of the counter !. 

As far as can been ascertained, the only attempt at an analytical comparison 
of methods 1 and 2 was made by Barnaby and Barton [32], who categorically 
confirmed the superiority of method (2). However, the analysis contained a 
series of unjustified assumptions and optimum constructions were not consid- 
ered. In neither case was non-uniformity of light collection considered. For these 
reasons the authors’ conclusions are erroneous. 

In reference [304] a comparison is carried out of the optimal, from the au- 
thors’ point of view, counter constructions. If the choice is not determined 
by specific demands on the counter the correlations given below allow an op- 
timal construction for it to be chosen. A slab is considered with dimensions 
203% 2by X 205 (a = 54 <1) and with an absorption coefficient A and re- 


fractive index no = 1.5. The surface of the slab can be made either polished or 
matt. The area of the photocathode is q. 

Consider the collection of light from this slab with a matt and painted large 
face 2b, x 2b, using a diffusing pyramidal light collector on a photomultiplier 
with a radius R (see figure 4.9). Assume, following equation (4.28) that 
7 = 0.6 and designating q/b5 = /4k2 = qc, T/de = Pe. If we transform 
equation (4.39) by taking equation (4.28) into account we can find 

P. = TT ae ApTinst 


a (8.18) 


When comparing the two methods of light collection considered we will base 





1Walker [317] includes amongst typical conditions the shortest possible signal duration. 
Since this is not always required, it is not considered here. Note that it contradicts require- 
ments a and b. 
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Figure 8.4: The function P.(k) for light collection. 

Using a pyramid light collector: 1 - p = 0.9; 2- p=0.8. 

From the narrow edge: 3 - a, = 0.1; 4 - ap = 0.2; 5 - function d7scin(k) (see 
curves 1 and 2); 6 - 67m(k) (see curves 3 and 4). 


the approach on the fact that it is not necessary to achieve a value of dTscin 
higher than 15%. 

From figure 4.11 we find for p = 0.8 and p = 0.9 the corresponding values 
of 6: 30 and 40°; and of Tins: 0.25 and 0.30; while from equation (8.18) come 
the values of P.: 0.25 and 0.65. These values depend to a minor extent on the 
value of k (we assumed P, =const). The dependencies P.(k) for p = 0.8 and 
p = 0.9, and also the values of dTscin, are shown in figure 8.4. 

When light is collected from a narrow edge it is assumed that the edge oppo- 
site the output edge possesses a reflector which provides r; ~ 1. The collection 
of light from the output edge is carried out using a strip lightguide, every strip 
of which is wedge shaped. Thus the input aperture of the lightguide possesses 
an area S| = 2a, x 2b,, and the output aperture is Sj. The strip lightguide is 
connected to the photomultiplier by a parabolotoroidal light concentrator (see 
figure 5.3) connecting the output aperture of the lightguide with the photomul- 
tiplier. Assumptions include (see page 6.3.3) tp = 0.17, x = & = 1.8. The light 
collection coefficient is expressed by equation (6.76), the light collection cited by 
equation (6.77) and the value of 67,4 by equation (6.78). The functions P.(k) 
for ap = 0.1 and a, = 0.2, and also the function 57(k), are plotted on figure 8.4. 
Figure 8.4 allows the two methods of light collection to be compared. 

Where k < 0.3 light collection from the narrow edge provides smaller non- 
uniformity. A diffusing light collector gives a larger value of P. when p = 0.9 for 
both of the values of a, considered. Where p = 0.8 collection from the narrow 
edge is superior where a, = 0.1 up until k = 0.3 both in the ratio P, and 67),. 
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Part III 


Bulk-diffusing Scintillators 


189 


191 


Bulk-diffusing scintillators and detectors based on them are systems in which 
the photon scattering path length, Ag, is significantly less than the characteristic 
dimension L of the scintillation detector and scattering is higher than absorption 
per unit volume. 

Such detectors are referred to as dispersing. Widely used dispersion detec- 
tors include fast and thermal neutron scintillation detectors, dosimetric detec- 
tors, layers of scintillation granules used for measuring the activity of a and 
8-active solutions and screens formed from scintillating powders such as ZnS 
and CdWO,. 

A dispersing detector is a dispersion system. A dispersion phase is made up 
of tiny granules distributed in a continuous surrounding medium, the dispersion 
medium, which may be solid, liquid or gaseous. The dimensions of the granules 
are assumed to be such that the laws of geometric optics are applicable and, 
consequently, the system is a coarse dispersion system according to the accepted 
classification [16]. 

Both phases, the granules and the dispersion medium, are distinguished 
by their atomic composition, scintillation characteristics and refractive indices. 
This last factor determines the scattering of light in the detector. For this reason 
they can be called bulk-diffusing scintillators. In some cases the absorption of 
light in the dispersion medium (the “matrix” or “extender” ) can be disregarded. 

The choice of optimum parameters requires a solution of the problem of the 
spreading of light in a scattering and absorbing media which fill a certain volume 
having specific conditions at its interfaces. 
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Chapter 9 


Light Transmission in 
Dispersive Detectors 


9.1 Formulation of the Problem 


The phenomenon of diffusion, scattering and absorption of light in media is 
encountered in many areas of Physics and Astronomy. A significant number 
of monographs are dedicated to it, as well as books and articles of a general 
character (for example, [158, 275, 253, 261, 244]). As a rule, one of two ap- 
proaches is used in theoretical studies of a given problem. The first of them is 
the phenomenological approach, which originates with Stokes (see, for example, 
[158]), which views the medium as an aggregate of thin layers, each of which 
is characterized by a coefficient of scattering and absorption. The spreading of 
light in such a medium can be considered as multiple reflection by large number 
of parallel layers while many works contain calculations of the multiple nature 
of the scattering. This approach is possible for a parallel beam and a flat layer 
of a light scattering substance. The second approach characterizes every el- 
ement of the volume of the medium with absorption coefficient, a scattering 
coefficient and a scattering function. The distribution of light in the medium is 
described by a transmission equation (that is, a kinetic equation for photons). 
It should be underlined that the first method is more accurate, however, due 
to the mathematical complexity of the kinetic equation this method has been 
successfully applied to a limited number of problems, above all to the prob- 
lem of scattering by a flat layer under the simplest boundary conditions. The 
application of these methods to problems with a more complicated geometry 
and boundary conditions has major mathematical difficulties [158]. In reference 
[296] the transmission of light in a dispersion system was treated in an analogous 
manner to the transmission (dispersion) of neutrons in a moderator, that is, in 
a medium with scattering and absorption. In both cases the free path length of 
a particle is significantly less than the characteristic dimensions of the system, 
consequently multiple scattering is important for the phenomenon. 

Diffusion approximation, which allows a series of problems with complex 
geometry which are difficult to solve using the kinetic approximation, is widely 
used in the theory of the transmission of thermal neutrons through materials 
together with a precise kinetic theory. This analogy has allowed methods 
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which were developed to solve neutron problems to be applied to the case of 
light transmission and solve a number of problems with complex geometry and 
boundary conditions [217]. It is possible to use solutions to neutron problems 
which are already available [318, 119]. 

Dispersion detectors may be sub-divided into two groups: a) a layer of gran- 
ules of material I lying as flatly as possible with the space between the granules 
filled with material II, for example with air or a transparent liquid. The de- 
tector can be characterized by the weight of the material I per unit area of 
base (“proportional weight”). b) the concentration of material I in the detec- 
tor is not limited. Generally speaking, a detector like this is characterized by 
two variables. For example, the weight of material I and the thickness of the 
detector. 


9.2 Diffusion Theory of Light Transmission in a 
Medium with Scattering and Absorption 


9.2.1 Diffusion Equation 


For the characteristics of each light scattering granule we introduce (as in neu- 
tron physics) the scattering cross-section 0, and the absorption cross-section 
of dq, the sum of which o, + oq = o; is the total cross-section of the granule. 
We will characterize the anisotropy of the granule photons phenomenologically: 
using the mean cosine of the scattering angle cos@ = g. For weakly absorbing 
granules 04/0, = a, <1. 
The transmission of light through a medium may be described by the diffu- 
sion equation 
Ong 


a divDoVng — cNoang + S(r). (9.1) 


Here ng is the number of photons in one unit of volume; N is the number 
of scattering granules in one unit of volume; c is the speed of light; Do is the 
diffusion coefficient; S(r) is the volumetric power of the light of the scintillations 
in the detector, emitted from the granules and taking part in the diffusion 
process. The diffusion coefficient is determined according the formula (see, for 


example, [119]) 
c 


= 3No,(1—g) 


The luminous flux density j in the diffusion approximation is linked to the 
photon density ng by the function 


Do (9.2) 


j= —DoV ng. (9.3) 


The number of photons which pass through unit area c having the normal u in 
the directions of u and —u, is determined by the familiar formula from diffusion 
theory [318]: 





D 
j= =< # SuVny. (9.4) 
For stationary problems equation (9.1) takes the form: 
1 
V'ng = —K’?ng = —— S(r), (9.5) 
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whereas if there is an external source (S = 0) it becomes 
V?n¢ a Kn = 0. 
Here « is the light attenuation coefficient, thus k~! is the diffusion length [119]: 
k = Nv/30q05(1 — 9). (9.6) 
Equation (9.6) may be rewritten as 
K? = 35,5,(1—g). 


where %, = Nog is the macroscopic absorption cross-section and }, = No, 
is the macroscopic scattering cross-section. The value «, introduced in the 
diffusion equation (9.5), into which it enters, expresses the flux attenuation per 
unit length and is measured in cm~!. Often, when absorption in the dispersion 
medium can be ignored, the thickness of the layers, p, can be usefully expressed 
in mass units, computed proportional to the weight (in g/cm?) of the scattering 
granules. The link between variables in mass and linear units is expressed as 


K K 


5, CO? 


k= (9.7) 

where 6, is the density of the material forming the scattering centres; C’ is 
the concentration of this material in the dispersion system (g/cm*); Co is the 
volumetric concentration (cm3/cm?). If the value of « is calculated to 1g/cm? 
of the layer of granules with the radius ro, then N, the number of granules and 
Yes the section of scattering corresponding proportional to weight in 1g/cm are 


determined as 3 





. 4rr3 5, m8 

7 3 
y= . 9.9 
Aro Op ( ) 


If the concentration of scattering granules C is given, their number in lcm 3 of 


the dispersion system is 
3C 


ST 10 
Aare by’ a) 
and where g = 0 equation (9.6) is converted into (9.10a): 


3C 
Aro Sp 





Vv 3dp. 


K= 


9.2.2 Internal Scattering and Absorption of Light within 
Granules of the Medium 


Scattering centres (granules) are characterized by three parameters: the scatter- 
ing cross-section o,, the absorption cross-section 7, and the mean cosine of the 
scattering angle g. We are not concerned with investigating how these variables 
are linked by the characteristics of the granule but limit ourselves to some of 
the simplest correlations. 
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Granules are considered which have dimensions such that the laws of geo- 
metric optics apply to them. Clearly: 


ap = Oa/05 = 1— exp(—K€,). (9.11) 


Here €, = bgd is the mean path of light within a granule; K is the absorption 
coefficient of the material; d is the diameter of the granule; bg is a coefficient 
depending on the shape of the granule and the conditions of reflection and refrac- 
tion on its surface. Since the granules are small and are sufficiently transparent, 
normally Ké, < 1, and 


Taking equations (9.12) and (9.8) into account, the expression for the attenu- 
ation coefficient (9.6) may be written in the form 


3 3/3 
3KE-(1 — g) = 

Aro dp 4dbn/T0 
For granules of similar form the value of the coefficient bg is identical and 
consequently 








Kbg(1—g). (9.13) 


ke Kir? (9.14) 
To estimate the values of the coefficient by, following Antonov-Romanovsky [19], 
scattering granules are divided into two categories, those of “regular” shape and 
those of “irregular” shape. Granules of the first category are those which, when 
a ray strikes them from outside, it completely escapes from the granule after 
one or two reflections and refractions. Spheres and parallelepipeds are in this 
sense regularly shaped . The mean light path in such granules is of the order of 
a characteristic dimension of the granule. Irregularly shaped granules are those 
in which a ray, having penetrated from outside, has an identical probability of 
meeting another surface of the granule at any angle. The mean path of a ray 
in the irregular case is significantly greater than the dimensions of the granule. 
Granules with characteristics between these extreme cases are also possible. 

Amongst regularly shaped granules, those most used in detectors are spheroids 
(granules). Computation of the light transmission through a spherical granule 
with a relative refractive index ne, = 1.5 [288] gives by = 0.88. Calculation of 
the angular distribution of scattered light taking Fresnel reflection into account 
leads to a value of g = 0.53 for this refractive index. Correspondingly, from 
equation (9.13) we find 

k = 0.87Nd? K?; (9.15) 

k= 1.7K2d7?; (9.16) 

Considering the transmission of light originating within a granule, account 

must also be made that a fraction of the light will be trapped in the granule 

as a result of its total internal reflection and absorption (see section 6.1). For 

spherical granules the fraction of the light output (ignoring absorption) is shown 
in figure 6.2. 

For irregularly shaped granules the mean path L is considerably greater than 
the dimensions of the granule. It may be estimated in the following fashion. Let 
the shape of the granule be approximately spherical. In this case, repeating the 
conclusion of section 7.2 for light incident with the granule from outside, we 
find the probability of the output of light from the granule (assuming p = 1) 


22 
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1H =| eat (9.17) 


1—(1-—w)t] 
Assume that the fraction of the luminous flux reflected as a result of total 
internal reflection from the internal surface of a sphere is identical for specular 
and rough surfaces (this corresponds to the fact that during the output of light 
from a medium with n,-; > 1 possessing an uneven surface, at angles of incidence 
close to the maximum, a quite sharp transition takes place from transmission to 
almost complete reflection); it is assumed that light is reflected from the surface 
diffusely. We will take into account that granules with o,/o, < 1 are being 
considered, moreover granules such that 10Krp « 1. 
In this case the geometric considerations w = sin? y, siny = 1/npe and 
equation (9.17) can be noted in the form: 


an =1—Ty =1-bgkd; (9.18) 


1 
bg = oo Wess (9.19) 


Where ne: varies from 1.5 to 2.3, bg varies from 2.3 to 5.3. Equations (9.19) 
and (9.13) show the effect of the refractive index of the dispersion medium on 
the transparency of the system. Note that the mechanism of light output from 
irregularly shaped granules ensures g = 0. 


9.2.3 Transmission of Light Through a Flat Layer 


The transmission of light through a flat layer with scattering and absorption 
was solved using diffusion theory in reference [288]. Let the plane z = 0 emit a 
parallel beam of light with flux density jo and reflect light incident with it from 
the layer, with a coefficient r;; then the boundary conditions at x = 0 have the 
appearance: 

j+(0) = jo +171 5-(0). (9.20) 
Here j, and j_ are the flux densities in the positive and negative directions. 
Further, let the plane x = / reflect light with the coefficient r2; this corresponds 
to the boundary condition 

j-O=re5i(0. (9.21) 

Solving equation (9.1) when S = 0 with boundary conditions (9.20) and (9.21) 
the luminous flux density at any point can be found and the optical character- 
istics of the layer determined: the light collection coefficient 7 (1) = j(1)/jo and 
the reflectance R; = j_(0)/jo. Omitting the computations, we give the results: 











1—ryre 
!)= ; 9.22 
a (1 — r2)(cosh Kl + Yq sinh Kl)’ a2) 
R= 2aar2 cosh Kl + [1 — re — a2 (14 12)] peal (9.23) 


2aa(1 — rirz)(cosh Kl + ya sinh Kl) 


2KDo | 404 
Qd 7 30, (1 = 9) ’ ( ) 


(l—ri)(1— re) +091 +r1)(1 +12) 
2aa(1 — rire) 


where 








Ya = (9.25) 
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When rg = 0 the expressions (9.22) and (9.23) become the well known formulae 
of Stokes (see, for example, [158]): 


= (1 — R2,) exp(—al) | 
~ 1— R20 exp(—2kl)’ 





T(J) (9.26) 
Roo[1 — exp(—2xl)] 


I — 
ED) 1 — R2, exp(—2kl) ’ 





(9.27) 


where Ro is the reflectance of an infinitely thick layer. 

In this way the parameter « coincides with the light attenuation coefficient, 
while equation (9.6) expresses it using variables that characterize the individual 
granules. 

For convenience of comparison of the formulae with the results of measure- 
ments of the luminous flux which has passed through a layer we will calculate 
the ratio of the luminous flux density j(/) which has passed through to the flux 
density 7; incident with the plane x = I, in the absence of a light scattering layer. 
Taking into account multiple reflections from the upper and lower interfaces, we 
find 

, TESA OS 
A= Pues: rire”? 


the corresponding light collection coefficient is determined by the equation 


i) 1-r2 1 
Fees a = : “2 
(2) jr l-rire ny cosh Kl + yq sinh kl (9.28) 





For large thicknesses («1 >> 1) the function 7, (J) is transformed into the exper- 
imental function 


71(l) y 





exp(—Kl). (9.29) 
d 


In reference [288] it was shown that for a point source with a total luminous 
flux of 2Fo lying in the plane x = 0, the light collection coefficient is expressed 
by the same equation (9.28). The radial distribution of the flux density incident 
with the photodetector was also calculated. 

A verification of the formulae found was carried out on two samples of 
PMMA spheres (granules). The values of r; in the experiments varied. The 
light attenuation coefficient was determined from the function r(p), and the 
absorption coefficient K for solid material according to equation (9.16). Re- 
gardless of the difference in the value « for sample I (d = 47m) and sample 
II (d = 160pm) the values of K were close (0.024 and 0.028 em~!), which con- 
firmed the accuracy of the diffusion approximation. The data for the radial 
dependency of the flux density was in agreement with the computation. 

Note that the diffusion approach to the spreading of light in media with 
scattering and absorption allows the angular photon distribution j(0) emitted 
from a sufficiently thick screen to be found. According to the theory of diffusion 
[43]: 


j(9) = jo(cos@ + V3.cos” 4). 


Where the flux is normalized to unity over the solid angle 27, jg + 0.15 
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9.2.4 The Transmission of Light Originating Within the 
Layer 


34 
A non-absorbing dispersion layer 


An approximate calculation of the light collection coefficient for this case was 
carried out in reference [286]. It was assumed that the point source lay within 
a layer of infinite radius. The absorption of light (rg = 0) took place on the 
lower interface (the surface of the photocathode) at a distance ¢ from the pho- 
todetector. The layer was sufficiently thick that r; did not influence the value 
of r. For 7(¢) the following expression was found 


T(¢) = exp(—K¢). (9.30) 


A more exact solution is found in reference [215]. In it the detector is also 
approximated by an infinitely flat plate of thickness /. Corresponding to sec- 
tion 9.2.3 these cases are equivalent. 

The diffusion equation for a stationary flux is expressed by equation (9.1), 
and boundary conditions by the equations (9.20) and (9.21) when jo = 0. Taking 
equation (9.4) into account they can be noted in the form !: 


a 
af =fing («=0); 
aap. 





(9.31) 
an = —~ Bang (a =I), 
where { 
ee ee 
i= 3Do Lit, (i = 1,2) (9.32) 


To determine the photon density for a source lying in the plane x = ¢, it is 
necessary to solve the equation 


=> RK ng = ——5(a — €) (9.33) 


with boundary conditions (9.31). Omitting the intermediate calculations, we 
give the expression for the photon density (the Green’s function of the given 





equation): 
S S 
ng = Deo cosh Ka + Do”? sinh Kx 
0, x < G, 
= (9.34) 
Dor sinhk(a—¢) a>, 
where 
oe cosh K(I—¢)+ £2 sinh(I—C) ; 
1 («+2122 ) sinh Kl+(61+ 2) cosh Kl : (9 35) 


Co = 2C,. 


The luminous flux density is given by the expression 7 = DoV?ng. Using this 
correlation and equation (9.34) we find the expression for flux density j(¢) using 





1The z-axis is directed towards the photocathode. 
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the interface x = 1 and the light collection coefficient when there is a source in 
the plane x = ¢: 


IO = Br Bo sinh K¢ + 82 cosh K¢ 
S (x + 282) sinh xl + (81 + Bp) cosh rl 





(9.36) 


Where ¢ = 0, equation (9.36) gives the solution of the problem for short range 
external radiation and coincides with equation (9.22). 

To increase the light collection coefficient, as high a value of the reflectance r; 
on the layer interface as possible should be used. The increase in light collection 
can be characterized by the ratio K, of the values of 7 for r = 1 and for rg = 0 
when all the remaining characteristics of the detector coincide. In the maximum 
case Kl >> 1 this ratio has the form: 


1+ 


K, = qe ee 
1+ tanh K¢ 


(9.37) 


The value of K is always greater than unity and tends towards unity as ¢ — I. 
Note that for thin layers (kl < 1) when r2 = 0, the ratio K, is close to two, 
which is obvious from a physical point of view ”. 


Influence of absorption in the dispersion medium 


If the dispersion medium is a condensed phase (liquid, plastic) rather than air, 
the question arises of whether absorption can be ignored. This point determines 
the choice between the use of a solid detector, where air, n = 0, is the dispersion 
medium, or a detector with an “extender” where the dispersion medium is a 
substance with n ~ 1.5. In the first case there is a reduction of light losses in 
the extender, in the second, losses in the scattering granules [see equation (9.19)]. 

Disregarding absorption in the extender is only possible if it has high trans- 
parency and if there are sufficiently high concentrations of the scattering ma- 
terial [287]. In the absence of absorption in the extender, the transmission of 
light is determined by the product kp. When there is absorption in the filler 
K. #0, as an indication of extent (9.29) will still contain an item depending 
on /?. It can be found from the following considerations. 

A well known result of diffusion theory [62], is that the root-mean-square 
transfer of a particle is 6Dot, where t is the time during which this interval was 
passed through. Knowing how the diffusion coefficient is expressed using the 
frequency of collisions n and the mean free path \ (Do = n\?/6), we find 


a= N,. (9.38) 


(x is displacement; N, is the number of scattering events from the beginning of 
the process to the moment when the particles reach a given point). In particular, 
the thickness of the detector | may be taken in the capacity of x. If displacement 
is 1, then the true path of the particle which has passed through will be greater 
than this, to be exact: 

L=Nr\=P/d (9.39) 


Introducing the absorption coefficient K,. in the extender, we find the light 
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a 
1 0 20 ct 


Figure 9.1: Dependence of the light attenuation coefficient & in a dispersion 
detector on the inverse concentration C7!. 


attenuation factor Kl + (K,I?/A). 
The absorption of light in the extender results in the fact that where there 
is a constant weight ratio, the variable & is dependent on the thickness of the 
detector or the concentration of active material. A more precise calculation of 
the dependence of the attenuation coefficient « on these factors leads to the 
expression 
9K. 1-—Co 
Arod2 Co 


~2 





= ke 4 (9.40) 

Experiments to determine transmittance have been carried out with fast 
neutron dispersion detectors consisting of cylinders containing the scintillating 
powder FC-4 (granule radius r9 ~ 5m) in transparent plastic (polymethyl- 
methacrylate). For the concentrations under investigation, the dependence, 
shown by the points on figure 9.1, was found for values of &. As can be seen 
from (9.40), the value &) may be found by extrapolation of the dependence 
K(1/C) to 1/C = 1. It was found that &) = 3.5cm?/2. The value K, was 
determined by finding the best fit between the computational curve and the 
experiment. This gave K, = 0.01lcem~!, which coincided with the absorption 
coefficient of technical polymethylmethacrylate. 

Thus, the proportional weight is a parameter which describes the optical 
qualities of detectors to first approximation only. In general it is necessary to 
take account of the absolute thickness of the detector, that is, the thickness 
expressed in centimetres. 


9.3. Detection of Scintillation Light in Disper- 
sive Detectors 


A dispersion detector is part of scintillation counter and is complemented by a 
photomultiplier and a recording system, normally a current measuring system 
or a voltage pulse amplifier with a discriminator. In almost all cases, the scintil- 
lation light is recorded by a system with a constant integration time Tj,:.. To 
analyze the system, the relationship between the integration constant Tj, of 
the photomultiplier and the mean time interval T,.;n between consecutive scin- 
tillations must be understood. Two extreme cases possess practical importance. 





? An experimental study of the influence of reflection on detector characteristics was carried 
out by Chernyaev and Sokolova [67]. Their results are a consequence of equation (9.37) 
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1. Tint >> Tscin. Here the apparatus sums the light of many scintillations 
originating at all points of the detector. The problem consists in determining 
the light collection coefficient 7 as a function of the point coordinate, and then 
determining the integral light flux density J across the detector interface x = 1, 
where the z-axis is directed towards the photocathode. 

The integral method uses any type of detection in which the luminous flux, 
averaged over time Tj,;, is determined Examples include the visual or photo- 
graphic determination of detector brightness and the measurement of the inte- 
gral current of a photomultiplier. 

The problem may be considered one dimensional since 


l 
r= [ r@s(eac (9.41) 
0 


where $(C) is the volumetric scintillation power associated with the character- 
istics of the exciting radiation and the conversion efficiency of the scintillator; ¢ 
is the distance between a scintillation and the input plane of the detector. 

2. Tint < Tscin. In this case the apparatus registers every individual scin- 
tillation. The problem also consists in determining 7(¢). Here it is necessary to 
find the spectrum p(£) at the output of the detector and the detector efficiency 
E as a function of the discrimination threshold B and the detector parameters 
according to the energy spectrum of the scintillations at a given point in the 
detector (the “original spectrum”) p(£). 

The two cases considered correspond to current and voltage pulse scintilla- 
tion registration methods. 

Depending on the type of exciting radiation the following problems arise in 
practise: 1) in the detection of short range radiation, a-particles for example, 
the path length is considerably less than the diffusion length 1/«. Here the 
transmission of light through the layer is similar to the transmission of luminous 
flux from an external source (section 9.2.3); 2) the registration of penetrating 
radiation, 7-rays, X-rays and neutron excitation the attenuation length 1/, is 
comparable with 1/«. Here the source power takes the form 


S(¢) = So exp(—p¢) (9.42) 


9.3.1 “Current” Detector 


The determination of the integral flux density is of interest in the case of pene- 
trating radiation. In this case the power of the sources takes the form of (9.42). 

Following reference [215], the integral flux density is determined from equa- 
tions (9.41) and (9.36) and taking (9.42) into account 


Bo By + w— exp(—pl) [(« + ues ) sinh kl + (6 + y) cosh rl 





T= 
pe = KA (« + bbs ) sinh al + (81 + 62) cosh al 
(9.43) 
In the case of total reflection at the interface x = 0 (that is, 6, = 0) 
y= By w— exp(—pl)(K sinh xl + pecosh rl) (9.44) 





pe? — K «sinh Kl + 62 cosh kl 
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iz If the reflectance at both interfaces is identical (6; = 62 = 8,.), equation (9.44) 








becomes 
6B Br +  — exp(—pl) [(« + ibs ) sinh Kl + (8, + 4) cosh kl 
= “_. 
pr — K2 (« + &) sinh Kl + (28,) cosh Kl 
(9.45) 
For penetrating radiation (~~ 0) 22 
y= B, Kktanh«l + B, (1—- +5) (9.46) 





kK (62 + «?)tanhr«l + 28,6 


We will determine the coefficient of the increase in light collection K, produced 24 

by the replacement of an absorber at « = 0 by a reflector (r; = 1) for the case of page 231 
penetrating radiation as a ratio of the corresponding fluxes. Without citing the 2 
general formula in view of its unwieldiness we consider the following extreme 

cases (when rp = 0): 


1) exp[(k—p)l] > 1, K, =1; 
(9.47) 


8244 
2) exp[(u—a«K)l] > 1, Kp, = Brat" 








In case 2 K, is always greater than unity. For thin layers (x < 1), as also 7 
above [see equation (9.37)], K, is close to two. 10 
The formulae found permit the optimum thickness of a dispersion detector 

to be determined where Tj,4 >> Tscin, that is, the value 1 = lo which provides 
the maximum luminous flux across an interface x = Io when the parameters 
8:, ® and pw have fixed values. The existence of a maximum is determined by 14 
two factors: the absorption of the primary radiation and the absorption of light. 


If light is absorbed at the interface x = 0 (r; = 0), then 17 
lo=_n*8,  w<k; 
(9.48) 
11, 62 


| 
e 
| 


lo ~ a2 ~=L > K. 
If light is reflected at the detector input (r; = 1), then 


lo =+In2 2 L<K; 
(9.49) 


lo = 


9.3.2 Voltage Pulse Detector 


20 
It is required to find the detection efficiency of a voltage pulse dispersion detec- 
tor. To do this, the parameters required include the detector thickness 1, the 22 
light attenuation coefficient «, the coefficient of absorption of the primary beam 
of particles yz, the reflection coefficient at the interfaces, etc. page 232 
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The calculation of efficiency 


Computations of dispersion detectors used in voltage pulse systems were pre- 
sented in [286, 280], in which fast and thermal neutron dispersion detectors were 
considered. Here, the detector computation is presented in a general form [267]. 

The initial scintillation spectrum (probability density) (EF) is normalized 
with the condition 


ice dE =1. 


The luminous flux of a specific scintillation will strike the photocathode but 
is attenuated due to absorption in the detector. Account can be made of the 
attenuation by introducing the light collection coefficient 7(J — 2,1) calculated 
in section 9.2.4 In this way energy E7(I— 2,1) is incident with the photomulti- 
plier. For scintillations originating at a distance x from the photocathode the 





probability density of energy bursts p,(E) is Appa ei The constant A, can 
be found from the normalization condition p,(£): 
1 E 

(EL) = 6 : 9.50 

m2) = aay? [aad | on 


When considering a dispersion detector it is also necessary to take account of 
the attenuation of the primary beam. We take the flux density of this beam (for 
example, neutrons) at a distance x from the photocathode to be proportional to 
exp[—y(l — x)]. If the counter has a discrimination threshold B the expression 
for the efficiency of the layer dx located at distance x from the photocathode 
may be written as [see equation (1.7)] 





cA E 
dé = f) 
4 acde f T(l—2,l) e —_ 
B 
The coefficient ag is determined by the ratio of the number of charged parti- 


cles incident with a scintillator granule to the number of particles (or quanta) 
incident from below or originating in the detector layer of uniform thickness: 


7 exp[—p(l — x)] dE. (9.51) 


dg = [Wy, (9.52) 


where yz is the probability of production of a charged particle and w,. is the prob- 
ability of its incidence with a scintillator granule. Integrating the expression 
for d€ over the thickness of the detector, we find the detector efficiency: 


lee) l 


Ew, f az 
B 0 








! a te 
(-a) exp[-p(] olp| = | da. (9.53) 


a 
We introduce the designation 


= ; ie es = —/y,E ae 9.54 

x ce ply) BO 0), 8 (9.54) 

Here Ep is a certain characteristic energy, for example the upper interface or 
SY. 


the maximum of the dispersion f(£), if these exist.) Equation (9.53) becomes: 
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Ll love) 
= jail ; exp(—ilé,) dé, i, ply) dy. (9.55) 
0 8/7 (lEx Ll) 


Expression (9.55) can be transformed if the normalization condition p is used. 
Thus: 


I 8/7 (lEx,l) 
E=ael f ageexp(-nlés) |1- fly) au). (9.56) 
0 0 


In section 9.2.4 expressions were found for the light collection coefficient with 
various reflection conditions at the upper interface. Since detectors with r; + 1 
are usually employed we will limit ourselves to considering this case. Assuming 
rg = 0, we will note the light collection coefficient in the form: 


cosh(KlE,) | 


re Ce 


y(Kl) = sinha«l + cosh kl (9.57) 
Here 
K dap 
Se 9.58 

"Be \ 319) oy 
If the initial spectrum f(y) is known, the dependence of € on the thickness of the 
detector or its threshold can be found in a general case by numerical integration 
[see equation (9.56)]. In some cases this formula is simplified noticeably. Thus, 
at very low values of the parameter pl it takes the form: 


l 8/7 (1x 51) 


ae er) i es Nan oly) ay| . (9.59) 
0 0 


Equation (9.59) is appropriate for values of p(y) which do not vary sharply at 
pl < 1 or for sufficiently low values of s (the smallness of s is determined by 
the form of the function p(y)), and then the problem can be reduced to finding 
the counter efficiency without attenuation of the primary beam (ju = 0): 


E(u) = exp(—HI)E(0). (9.60) 


The analytical dependence of efficiency on the parameters can only be found 
if it is formulated in the form of the function p(y). For the sake of simplicity 
we will assume that the function p(y) has the form shown in figure 9.2, curve 
1. Further, we will consider the conditions needed to reduce expression (9.56) 
to (9.60) to have been fulfilled. 

The efficiency of this type of counter has been calculated for an ideal reflector 
from above [267]: 


sy(Kl) 
Kl 





E(1) = aglexp(—pl) |1 tan-'sinh«l|, I< Io (9.61) 
The value y(«l) is given by expression (9.57), while Jo(s,/) is found from the 
equation 7(1—Ip,1) = s. Consequently, Jo is the thickness of such a layer close to 
the photomultiplier, which will make a contribution to efficiency. Layers which 


21 


23 


26 
page 234 


20 


24 


27 


28 


36 


10 


13 


17 


206 Light Transmission in Dispersive Detectors 


o 100 200 300 400 B,K36 


Figure 9.2: Initial spectra of dispersion detectors: 1 - rectangular spectrum; 
2 - experimental distribution for a thermal neutron detector where Kl = 0.72. 
Bottom scale Nal(T1) energies. 


lie above it do not play a role on account of the attenuation of the luminous flux. 
(This is explained by the existence of the boundary energy FE in the spectrum 
considered.) It is clear from physical considerations that where | > Io the value 
E(1) must fall, even when pil < 1. 

It is easy to demonstrate that the limit value of the threshold, close to which 
efficiency drops to zero, corresponds to the given thickness of the detector. This 
limit value is close to unity for thin detectors (kl < 1) and rises towards 0.5 
for large thicknesses (Kl >> 1), due to the fact that half of the light is emitted 
upwards and the greater part of it (at large 1) is absorbed, that is, when there is 
a sufficiently large discrimination threshold, and will not be detected even when 
it originates in the lowest layer. 


Approximate detector computation 


In reference [286] detector efficiency was determined assuming that the light 
collection coefficient could be expressed by the approximate formula (9.30), 
while p(y) = const. Here 


1— ewHl efl ae evHl 
s 





% 


I 
€ =, f exp[-n(0- 2)) [1 ~ sexp(xa)] de = pu | 
0 


lu +k 
(9.62) 
Consider the case zg = 4 <1. Then 
€ = jw, [1 — F (er! -1)] (9.63) 
Kl 


Integration is possible in equation (9.62) when 1 — se** < 0, from which the 


upper limit of integration is 


ae 
lp = —In- (9.64) 


K Ss 


The efficiency is then expressed by the formulae: 


= _ s(et -1) 
ies [1 ud hele Aas 
=#r(mt-lt+s), 12>; 


K 


32 


33 
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Figure 9.3: Dependence of counter efficiency (Q/« < 1) on discrimination 
threshold («Kl = 2.56; «/G2 = 0.32): 1 - for the rectangular spectrum; 2 - 
according to equation (9.55), reflector from above; 3 - the same with an ab- 
sorber above. 





fe = a | (0) = in (2 1) (9.66) 


The formulae found show that the dependence of € on the product kl grows in 
the interval 0 < Kl < Klo and possesses a boundary maximum with the value € 
when «Kl = Klo. A detector with efficiency €o is described as “optimal”. For low 
thresholds, s < sg , where 89 = exp(—Klg), the optimal thickness of Ig is greater 
than the detector thickness 1, when s > so the detector becomes optimal. The 
approximate formulae found for the spectrum p(y) = const, were compared with 
exact computation in reference [267]. A graph is given in figure 9.3 of efficiency 
(when there is an ideal reflector above) for a detector for which #(E) possesses 
the form of curves 1 and 2 in figure 9.2. It can be seen in figure 9.3 that 
the curves lie sufficiently close and the simpler formulae 9.65 may be used for 
approximate computations. 

For comparison, the graph of the efficiency of a detector with the same 
parameters but with a transparent upper interface is given in figure 9.3. Its 
efficiency is significantly less than that of the detector considered above. 
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Chapter 10 


Typical Dispersive 
Detectors 


10.1 Dispersive Detectors for Neutrons 


10.1.1 Physical Processes in Dispersive Detectors for Neu- 
trons 


Fast and thermal neutron dispersive detectors are made of a scintillating com- 
pound, usually ZnS, (referred to below as the scintillator) dispersed in a medium 
(called below the generating medium), in which detectable heavy ionizing par- 
ticles are created by the neutrons. The detection of a neutron in a dispersive 
detector is a three stage process. Firstly, a neutron passing through the detec- 
tor causes a reaction in the generating medium which leads to the creation of 
a charged particle (a proton or an a-particle). Secondly, the charged particle 
created collides with a ZnS granule and produces a scintillation and lastly, the 
scintillation light diffuses in the dispersive detector and strikes the photocathode 
with an intensity sufficient for a detectable voltage pulse to be produced. Each 
of the three processes depends on the concentration of generating atoms, the 
characteristics and transparency of the luminescent compound and the thickness 
of the detector, etc. 

Dispersive detectors have low sensitivity to y-rays, as the specific ionization 
of electrons created by the interaction of y-rays with a substance is low in 
comparison with the specific ionization of a-particles or protons created by 
neutrons and a significant proportion of the electron energy is dissipated in the 
non-scintillating volume. 

Many references describe the construction and application of dispersive de- 
tectors (for example, [152, 111, 137, 270, 277, 279, 131, 326]; see also the surveys 
[189, 9]). Detectors of these types have been built with various modifications. 

Neutron detectors producing voltage pulses together with threshold discrimi- 
nators are used in dosimetry. The fundamental characteristic of such a detector 
is its neutron efficiency. This may be influenced by the following factors: 1) the 
discriminator threshold B; 2) the scintillator concentration C’; 3) the concen- 
tration of the atoms of the detecting element; 4) the height (thickness) of the 
detector; 5) the radius of the granules of scintillator or luminescent compound; 
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6) the neutron energy E,,. It is desirable to find the parameters which provide 
the optimum value € of efficiency €. 


10.1.2 Detectors for Fast Neutrons 


Fast neutron dispersive detectors are largely made from a dispersion of the 
luminescent compound ZnS(Ag) in transparent plastic or occasionally in paraffin 
or polyethylene +. 

The (n, p) reaction is used in these hydrogenous generating media. Fast neu- 
tron detectors are used over the energy range FE, = 0.5-15MeV. In this interval 
the cross-section for (n,p) reactions is comparatively low. With the concen- 
trations of the luminescent compound used, C (g/cm?), the light attenuation 
coefficient « is significantly greater than the neutron attenuation cross-section, 
Q, of the detector, that is, it fulfills condition (9.63). In the computation of this 
type of detector, we assume [286] that the ZnS(Ag) scintillator of density 4, is 
uniformly distributed through the detector in the form of spheres of radius ro at 
N to the cubic centimetre. The generating medium is completely transparent. 
Thus, since the ZnS(Ag) granules have varying shapes and a high refractive 
index they may be considered irregularly shaped particles for which g = 0. 
Detector efficiency may be found with equations (9.61) or (9.63). When applied 
to this type of detector it is necessary to determine the coefficient ag. For a fast 
neutron detector the number of protons originating in a layer dx is determined 
by the value Q. When estimating the efficiency of a detector we base our consid- 
erations on the fact that surrounding each granule is an infinitely thick layer of 
radiator? which contains no other granules, - the generating volume, belonging 
to only one granule. The probability for a proton from a reaction created in 
such a volume will reach the scintillator granule we will take to be equal to the 
corresponding value for the plane of an infinitely thick radiator. It corresponds 
to 1/3 of the probability of a neutron-proton interaction in a layer of thickness 


R, (see, for example, [243]). 
1 


3TTO R,, while the value w, 


Thus the “generating volume” for one granule is 
in equation (9.55) is 


Wy = mane. (10.1) 


Taking into account equations (9.10) and (9.10a) 


1 
dg = —rreN RyQ = 


: (10.2) 


K 
—___ RQ. 
330K r@ 


Let us assume that the primary spectrum of the protons from the reaction 
is uniform over the interval 0,£,, (which is correct when E,, = 0.5-15MeV 
in hydrogen and approximately true for media containing other atoms). Take 
the law of light attenuation given in equation (9.30) In this case efficiency is 
expressed by formula (9.63). Taking into account equation (10.2) and (9.65) we 





1One of the first detectors of this type was made by Hornyak [152], consequently they are 
sometimes referred to as Hornyak detectors.(buttons) 

? The thickness of radiator is greater than the path Rp of the fastest protons from a reaction 
in the generating medium so it may be regarded as an infinitely thick radiator. 
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Figure 10.1: Efficiency (%) of a fast neutron dispersive detector as a function of 
the concentration of the luminescent compound (g/g): solid line — according to 
Hornyak’s data [152] (r9 = 8 x 1074; neutrons from an Ra~—Be source), dashed 
line — computation (q, = 0.1); s = 0.065; EF, = 4MeV. 


find expressions for efficiency: 


€=18 1, [1 at 


KL 





= 3 /3ar K 


TB], 1 < lo: 
(10.3) 





E= 5S (mt-1+s), 12h. 


From equation (10.3) it follows that the dependencies of efficiency € on concen- 
tration C’ [see (9.10a)] and on the thickness of the detector have a similar form 
reaching a local maximum for several values of C' and /. Any further increase in 
concentration C and, consequently, in the attenuation coefficient k (em~!) or 
the thickness J (cm) will not increase detector efficiency. 

For given |, the value € is attained by increasing the concentration up to 
the value 





Aro dp 
Cu = : 10.4 
M aySae ( ) 
where 4 
=-—lIn-. 10. 
ko = 7 n= (10.5) 


In reference [286] the dependence of detector efficiency on ZnS(Ag) concentra- 
tion found was compared with that of Hornyak [152]. Figure 10.1 shows the 
dependence of efficiency, €, on concentration, C, according to Hornyak and as 
calculated using equation (10.3), where s was chosen such that a fit was obtained 
for the maxima of the experimental and computational curves: s = 0.065. As 
figure 10.1 shows, a satisfactory match between the curves can be achieved if 
the value of just one of the parameters is fixed®. 

The dependence of € on detector thickness and on the concentration of 
the luminescent compound, similarly to figure 10.1, has been found by several 
authors (for example see [152, 9]). 

In the above computation, light absorption in the dispersion medium was 
ignored. The optimum detector thickness was determined by the surface density 
of the luminescent compound (g/cm?), but not with its concentration in the 
detector. As has been shown on pages 200-201, the attenuation coefficient &, 





3A more precise computation must take into account reduction of the cross-section Q as 
a result of the increase in scintillator volume to lcm? of the detector. If Qo is the (n,p) 
scattering cross-section in lcm® of the generating medium, then the cross-section in lcm? of 
the detector is Q = Qo[1—C/6,]. This leads to a displacement of the curve maximum (shown 
by points in figure 10.1). 
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taking absorption in the filler into account, depends on the concentration of the 
luminescent compound. For this reason it is advantageous to use a concentration 
of C = 20-40%. 

The assumption that a produced proton traverses only one granule is only 
valid up to E,, ~ 5-6MeV. When calculating detector efficiency as a function 
of the neutron energy it should not be used when E,, ~ 6MeV. A computation 
of the dependence of €(£,,) for a fast neutron detector over the range Ey, ~ 
0.5-14MeV is given in [65]. 


10.1.3 Detectors for Thermal Neutrons 


Dispersive detectors for thermal neutron have been widely used since the 1950s, 
largely using the (n, a) reaction in !°B and °Li isotopes and arranged as ZnS(Ag) 
granules dispersed in a generating medium contain boron or lithium. B2O3 
mixtures containing ZnS(Ag) have also been used [111, 137]. Detectors more 
widely spread abroad in which the generating medium is are plastics to which 
boron is added using glycerine [210, 270], ethylene-glycol [326] or boron oxide. 
In all cases the detecting medium was ZnS(Ag) granules. 

The luminescent compounds T-1, T-2, etc. developed by Timofeeva and pro- 
duced by fusing B2O3 and ZnS at high temperatures and pulverizing the result 
are more technological [277, 279]. The generating medium here is boron oxide, 
either of natural boron or enriched with the isotope 19B. The granules of this 
luminescent compound having diameter 10~?-10~'cm can be used directly in 
the detector (“loaded detectors”) or in the form of a dispersion in transparent 
plastic (“compressed” or “polymerized” detectors). Most frequently the detec- 
tors are cylinders with a height | significantly less than the diameter of the 
detector. Detectors of this type are called “planar”. 

Planar loaded thermal neutron detectors based on the T-1 and T-2 lumines- 
cent compounds and their modifications were developed and studied by Tim- 
ofeeva [277, 279, 278]. Their characteristic parameters are the thickness p of 
the layer of luminescent compound and the radius ro of the disc of luminescent 
compound. It appears that such detectors are the most efficient [289]. 

Attempts to compute thermal neutron detectors have been made in refer- 
ences [111, 326]. Having assumed uniform distribution of scintillations in the 
primary spectrum and exponential light absorption in the detector, the authors 
of reference [111] found the dependence on the discrimination threshold similar 
to (9.65b). However, it was unrelated to transparency and the composition of 
the detector and could only be used to describe the characteristics of a detec- 
tor. In a later reference [326] an attempt was also made to compute a detector. 
The authors tried to find the efficiency of a detector at B = 0 but, even though 
several empirical parameters were introduced, satisfactory agreement with ex- 
periment was not found. 

Thermal neutron detector parameters have been selected mainly using em- 
pirical means as a result of the complexity of the mathematical description of 
such detectors and the large number of parameters determining their character- 
istics [270]. The use of diffusion theory allows thermal neutron detectors using 
T-1 and T-2 to be computed with satisfactory precision and it appears that this 
approach may also work for other types of thermal neutron detector. 

In the present section thermal neutron detectors of this type are considered. 
The ZnS(Ag) granules used in the mixture to form pellets of the luminescent 
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compound are very small (1um, for example), while the concentration of B2O3 
is in the range 40-70%. For this reason a-particles produced in a (n,@) reac- 
tion penetrate 4-6 ZnS(Ag) granules and the probability that an a-particle will 
produce negligible scintillation (passing one granule) or not strike a granule at 
all is extremely low. Accordingly, the distribution of scintillations in a pellet 
of the luminescent compound according to their energies possesses a maximum, 
while the probability of incidence is w, * 1. 

Since the signals from the detector are comparatively large s < 1. The 
cross-section Q (cm?/g) of a !°B(n, a) reaction computed for 1g of the lumines- 
cent compound is of the order of three for T-1 and about ten for a luminescent 
compound with enriched boron (for thermal neutrons). In the first case Q < k, 
in the second Q ~ k. 

Reference [280] compared a simple computation with the characteristics of 


the T-1 based detectors described in [277]. It was found that since k ~ ro ue 


[see (9.14)], lo ~ ral’, Eo ~ rol? . The values lp and € can be found using 
equations (10.5) and (9.66). 

Direct optical measurements of the attenuation coefficient « for the T-1 lumi- 
nescent compound were made for comparison of a computation with experiment 
in reference [280]. The dependence of the transmittance 7 on the layer thickness 
p for light which had passed through a optical filter, A,, = 436nm, was measured 
for various fractions. Measurements were made with a luminescent compound 
with 34% boric acid (by weight) with natural boron for fractions with the diam- 
eters of 50, 200, 500 and 650um. It was found that light absorption up to values 
of tT © 5 x 10-2 occurs approximately according to the exponential law. The 
determination of « for various fractions with a 15% error leads, in accordance 
with (9.14) to the correlation 


K = 3.6r,°/?. (10.6) 


A computation of efficiency was compared with the data in reference [131], 
in which the dependencies of efficiency (in relative units) on proportional weight 
and on detector thickness (figure 10.2) were given for luminescent compounds 
of various strengths with 34% boric acid for both natural (type III) and en- 
riched (type IV) boron. Values of Q were calculated for thermal neutrons: for 
compounds III and IV they were respectively 3.25cm? and 14.5cm?. Thus for 
compound III, at least for the finer fractions, zg < 1, that is, the correlations 
in (9.63) are fulfilled. The value fe [see (9.66)] was taken as the basis for the 
determination of the relative threshold s for the fraction 2rg = 135um (type 
III). It was found: s = 1/30 and from this and the values of « determined from 
equation (10.6), dependencies for all fractions were constructed using equation 
(9.65) (see figure 10.2). The normalization coefficient to match the computa- 
tional data with experiment was determined by comparing the slopes d€/ dp(0) 
of the computational and experimental curves. Comparison of the computation 
and the experiment shows that they agree though not so well for the larger 
fractions. The divergence can be explained in part by the limited applicabil- 
ity of light diffusion theory to detectors consisting of a relatively small number 
of layers. The radiation geometry was also not identical to that assumed in 
the computation. However, it is possible to apply the computation to deter- 
mine the optimal characteristics of detectors of a given type with the aid of 
equations (9.63)—(9.66). 
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Figure 10.2: Dependence of the efficiency of a loaded detector (in arbitrary 
units) on proportional weight p (g/cm?) for a variety of luminescent compound 
fractions: Type III: 1 - 185um; 2 - 360um; 3 - 580um; 4 - 800um; 5 - 1070um; 
type IV; 6 - 800um. 


Mixing the luminescent compounds T-1 and T-2 into plastic (by means of 
compressing or polymerization) improves the mechanical and counting char- 
acteristics of a thermal neutron detector. The increase in their efficiency in 
comparison with loaded detectors is due to their dispersion mediums being of 
an immersion nature, which reduces the value of n,,-;.. This increases the trans- 
parency 1/« of the detector [see equation (9.19)]. The efficiency of a detector 
using a particular luminescent compound depends on its proportional weight 
and the discrimination threshold of the counting equipment. The correspond- 
ing dependencies were investigated for a variety of detectors in references [267] 
and [63]. The data found were used to check the efficiency computations and 
the possibility of an approximate computation of maximum efficiency €) and 
the optimum thickness [9 for a detector on a particular luminescent compound 
base was demonstrated. 


In the first series of experiments [267] polymerized detectors were investi- 
gated which were made from T-1 luminescent compound in transparent plastic 
(1000-1500um fraction, proportional weight 280mg/cm?). The dependence of 
E(B) found is shown in figure 10.3. The value of the coefficient & was de- 
termined using the method described on page 195. To determine of p(S), the 
dependence €(B) was used, taken on a detector of the same fraction but with 
the significantly lower proportional weight T—1 («Kl = 0.72). Using the spectrum 
p(S) found by numerical integration [see equation (9.56)], the dependence €(B) 
was determined and this is shown by the continuous curve in figure 10.3. The 
fit between computation and experiment was satisfactory. To demonstrate the 
possibility of using a simplified computation (see page 206), a simpler function 
was chosen for f(S') of the type shown in figure 9.2, for example (curve 1). The 
value of the limit threshold in the primary spectrum served as the parameter 
Eo, which is free in the given case. The results of the numerical integration 
of equation (9.56) when Eo =200, 300 and 400keV (broken lines) are given in 
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Figure 10.3: Comparison of the computational efficiency of a polymerized de- 
tector with experimental results: 1 - initial Poissonian spectrum; 2, 3, 4 - initial 
rectangular spectrum when Fy =200; 300; 400keV correspondingly. 


figure 10.3. As figure 10.3 shows, the most satisfactory agreement between 
computation and experiment is achieved if it is considered that the spectrum 
stops at a threshold of 300keV (Eo ~ 3E,,). In the most important interval of 
thresholds, B = 20-40keV the discrepancy was less than 20%. 

In the second series of experiments, designed to test the possibility of calcu- 
lating optimal values of Ep and Ip, the characteristics of loaded and polymerized 
detectors with 40mm diameter using a 500-800um fraction of the T-1 lumines- 
cent compound [63]. The height of the polymerized detectors was 10mm. The 
count rate was measured for thermal neutrons (cadmium filtered) as a function 
of the threshold B, while the counter was calibrated on the energy scale of an 
Nal(T1) detector. Using the data found by experimental means (f(S), &, Q), it 
is possible to write the formulae for maximum efficiency €9, % and thickness po, 
mg/cm? of an optimal detector (given low thresholds) in the form: 


loaded (Em = 320keV): po = 0.093 + 0.038In 4, € =1.5+12In}; 








polymerized*(E,, = 400keV): po = 0.134 + 0.063 In 1, €)5 = 3.5+16ln i, 


To detect radiation with scintillation counters the existence of a plateau in 
the counting characteristics of the system is useful, that is, a low dependence 
of count rate (radiation detection efficiency) on the high voltage U supplied to 
the photomultiplier [94, 307]. 

Counting characteristics €(U) improve when the signal from the detector is 
increased and when there is a “gap” in the voltage pulse spectrum p(V) in the 
15-25keV range (Nal(T1) scale). To increase the sensitivity of detectors when 
radial radiation is dominant radial or cylindrical detectors, as they are called, 
are used (see, for example, [278, 307, 64]). The most widely used type of these 
detectors is a cylinder of radius R and height H, the internal side surface of 
which is covered with a luminescent compound. 

Increasing the h of a radial thermal neutron detector causes an increase 
in sensitivity, but also simultaneously a reduction in mean light output and a 
distortion of the aperture spectrum on account of the increased non-uniformity 





4Taking account of the albedo of the neutrons from the detector and their leakage through 
its side surface. 
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of the light collection coefficient over the height of the detector. Reference [66] 
studies the influence of these effects on the counter plateau and the search for 
an optimal solution. 
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Two-phase solution-scintillator systems are used for the determination of a- 
and 6-activity, for example chopped plastic scintillator fibres submerged in a 
solution. [248, 265] More reproducible results have been obtained using plastic 
scintillator granules [44, 291]. Reference [293] investigates the optical charac- 
teristics of layers of granules as dispersion systems. The efficiency of granule 
layers in measuring 6-activity of solutions was investigated by Gelfman and 
Ekkerman [112, 113, 90]. Using the results given in chapter 9 the dependence 
of efficiency and counting rate on the granule layer thickness, the energy limit 
of the G-spectrum and the discrimination threshold can be found. 

Dispersive detectors consisting of ZnS(Ag) particles polymerized in a plastic 
scintillator are used in the dosimetry of X-rays and y-rays [148, 41, 22, 104]. 
This mixture can provide equivalent effective atomic number as air (as this is 
is assumed in y-dosimetry). By altering the concentration of ZnS(Ag), tissue- 
equivalent and bone-equivalent detectors can be produced [22, 104, 105]. Ref- 
erence [311] demonstrates using light diffusion theory that the characteristics 
of detectors manufactured out of such materials can be computed given the 
concentration of luminescent compound. 

Dispersive screens using powdered phosphors fixed in the form of a thin layer 
on a transparent plate or envelope are classified as dispersive detectors. These 
detectors include screens for various cathode ray tubes and image intensifiers. 
In these systems very thin layers are used and the question of the transmission 
of light is of secondary importance. 

Similar screens are used for detecting a-particles from radioactive sources, 
usually consisting of a layer one to two granules thick [93]. 

Dispersive screens are widely used for the detection and visualization of X- 
rays. The 1/ attenuation length of X-rays is significantly greater than that 
of electrons in such layers and the thickness of X-ray screens is significantly 
higher than for screens in vacuum tubes. For this reason the investigation of 
light transmission in X-ray screens is of practical interest. The formulae in 
section 9.3.1 can be used for the determination of the total luminous flux and 
they can be used to find the optimal detector thickness [215, 11]. 

For the comparison of the results found with the experiment in reference 
[215], experimental data published by Broser [56] for two fractions of ZnS(Cu) 
luminescent compound were used, for which the parameters 6, and & were 
determined using the characteristics given. Good coincidence of the depen- 
dencies I(p) was found with the computation for X-ray radiation Cu-K,g (u = 
0.07cem?/g) and y-rays (u < «). The computation indicated a possible increase 
of the luminous flux when a reflector was used on the input surface of the detec- 
tor. Note that such reflectors, ~ 0.1um thick Aluminium, are used in vacuum 
tubes to neutralize the charge from the surface of the screen. The reduction in 
luminescence resulting from the loss of electron energy is compensated by the 
fact that the reflector increases the luminous flux. However, such reflectors have 
as yet found no application as X-ray screens [18]. 
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Important characteristics of such screens are the efficiency Fog of the con- 
version of primary energy into light and the non-sharpness of the image de. 
Rays from a scintillation originating in the screen create a patch of light at the 
input with illuminance €, which diminishes along the radius p,. The depen- 
dence €(p,) can be calculated on the basis of diffusion theory [288]. This effect 
leads to a blurring of the images found using these screens. The link between 
Fop and dg can be found by applying light diffusion theory. 

In reference [268] screens made of a luminescent compound with various 
fractions were studied both without reflectors above and with ideal reflectors. 
It was found that in the case  ~ «, optimal thicknesses existed, while the fact 
that Fog rose sharply with d¢ permitted convenient intervals of thicknesses to 
be estimated. 
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Table Al 


Characteristics of selected materials used in scintillation technique 





Material Amax /nm | Ameas / mM n Light output [210] 
(% of Anthracene) 

















Inorganic crystals 


Nal(T1) 413 413 1.85 230 
CsI(TI) 420-590 550 1.79 150-190 
CsI(Na) 410 410 1.84 95 
Lil(Eu) 440 589 1.44 110 
CaF (Eu) 435 589 1.44 110 
Cal2(Eu) 470 = ~ 460 
ZnS(Ag) 450 589 2.36 300 
Anthracene 447 589 1.62 100 
Stilbene 410 589 1.63 50 














Plastic scintillators 


Polystyrene a 436 1.62 50-60 
PVT : 436 1.58 60-65 
PMMA 2 436 1.50 30-50 


Liquid scintillators 


Toluene - 589 1.50 
Xylene 589 1.51 


oO 
° 
ee) 
oO 


Other materials 


MgO = 589 1.736 = 
TiOz, Anatase 7 589 2.52 = 
TiOsg, Rutile = 589 2.75 me 
Fused quartz = 405 1.47 — 


Crown glass - 589 1.52 - 
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The integral angle Q(a, 3), %, from an isotropic source, a disc of radius 
r, to a coaxial disk of radius R at distance H [188]. 









































a=R/H 

b=} O1 0.2 0.3 0.4 0.5 0.6 0.7 | 0.8 | 0.9 | 1.0 
r/H 

0.0 | 0.248 | 0.970 | 2.11 3.58 | 5.28 7.13 9.04 | 11.0 | 12.8 | 14.6 
0.1 | 0.246 | 0.964 | 2.10 | 3.56 | 5.25 7.09 9.00 | 10.9 | 12.8 | 14.6 
0.2 | 0.241 | 0.945 | 2.06 | 3.50 | 5.17 | 7.00 | 8.90 | 10.8 | 12.7 | 14.5 
0.3 | 0.233 | 0.914] 1.99 | 3.40 | 5.05 | 6.58 | 8.74 | 10.6 | 12.5 | 14.3 
0.4 | 0.222 | 0.874 | 1.91 3.27 | 4.88 | 6.65 8.52 | 10.4 | 12.3 | 14.1 
0.5 | 0.210 | 0.828 | 1.82 | 3.12 | 468 | 6.41 8.24 | 10.1 | 12.0 | 13.8 
0.6 | 0.197 | 0.778 |] 1.71 | 2.96 | 4.45 | 6.13 ] 7.92 | 9.78 | 11.6 | 13.5 
0.7 | 0.184 | 0.727 | 1.61 2.78 | 4.20 5.82 7.07 | 9.389 | 11.2 | 13.1 
0.8 | 0.171 | 0.676 | 1.50 | 2.60 | 3.95 | 5.50 | 7.19 | 8.95 | 10.8 | 12.6 
0.9 | 0.158 | 0.627] 1.39 | 2.48 | 3.70 | 5.18 | 6.80 | 8.53 ] 10.3 | 12.1 
1.0 | 0.146 | 0.580 ) 1.29 2.26 | 3.46 | 4.85 6.41 | 8.08 | 9.82 | 11.6 
1.2 | 0.125 | 0.497 ) 1.11 1.95 3.00 | 4.24 | 5.64 | 7.17 | 8.81 | 10.5 
1.5 | 0.099 | 0.394 | 0.883 | 1.56 | 2.41 | 3.43 | 4.61 | 5.92 | 7.35 | 8.87 
2.0 | 0.069 | 0.276 | 0.619 | 1.10 1.71 2.44 | 3.30 | 4.28 | 5.36 | 6.55 
2.5 | 0.050 | 0.201 | 0.452 | 0.801 | 1.25 1.79 2.43 | 3.16 | 3.98 | 4.85 
3.0 | 0.038 | 0.152 | 0.341 | 0.606 | 0.946 | 1.36 | 1.85 | 2.41 | 3.04 | 3.74 
4.0 | 0.023 | 0.094 | 0.213 | 0.387 | 0.591 | 0.850 | 1.16 | 1.51 | 1.91 | 2.35 
5.0 | 0.016 | 0.064 | 0.145 | 0.257 | 0.402 | 0.578 | 0.786 | 1.03 | 1.30 | 1.60 
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Table A3 


Scintillation characteristics of NaI(T1) detectors [121]. 








KH |R,,% | p > W, | 267m 
h=1 
0 3 | 0.75 | 0.749 | 0.022 | 0.016 
0.05 | 3 | 0.75 | 0.590 | 0.025 | 0.022 
0.1 3 | 0.75 | 0.500 | 0.028 | 0.033 
0.2 3 | 0.75 | 0.395 | 0.032 | 0.062 
h=2 
0 3 | 0.75 | 0.709 | 0.016 | 0.019 
1 | 0.58 | 0.628 | 0.021 | 0.040 
0.05 | 3 | 0.75 | 0.593 | 0.020 | 0.029 
6.4 | 0.85 | 0.550 | 0.020 | 0.024 
0.1 3 | 0.75 | 0.514 | 0.024 | 0.044 
1 | 0.58 | 0.432 | 0.045 | 0.108 
0.2 3 | 0.75 | 0.409 | 0.035 | 0.082 
6.4 | 0.85 | 0.385 | 0.030 | 0.068 
h=4 
0 3 | 0.75 | 0.633 | 0.024 | 0.051 
1 | 0.58 | 0.569 | 0.044 | 0.115 
0.05 | 3 | 0.75 | 0.554 | 0.030 | 0.074 
6.4 | 0.85 | 0.524 | 0.027 | 0.051 
0.1 3. | 0.75 | 0.492 | 0.039 | 0.096 
1 | 0.58 | 0.411 | 0.086 | 0.213 
0.2 3 | 0.75 | 0.402 | 0.059 | 0.152 
6.4 | 0.85 | 0.384 | 0.045 | 0.112 
h=8 
0 3 | 0.75 | 0.513 | 0.061 | 0.157 
1 | 0.58 | 0.456 | 0.122 | 0.294 
0.05 | 3 | 0.75 | 0.463 | 0.075 | 0.191 
6.4 | 0.85 | 0.453 | 0.052 | 0.129 
0.1 3. | 0.75 | 0.421 | 0.090 | 0.229 
1 | 0.58 | 0.348 | 0.189 | 0.414 
0.2 3 | 0.75 | 0.355 | 0.122 | 0.294 
6.4 | 0.85 | 0.350 | 0.085 | 0.214 
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radiation spectrometry, 8, 136 
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77, 170 
scintillator, 10, 170-172, 175, 176 


scattering function, see light scattering 
function 

scintillating plastic fibres, 45 

scintillation rise time, 7 

scintillator resolution, see resolution, 
scintillator 

scintillators 


242 
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diffusing, 115, 155, 183, 185 
parallelepiped, 119, 135, 137, 141 
specular, 115, 117, 120 
transparent, 11 
signal formation, 5 
sine theorem, 87 
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